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ABSTRACT

Maintaining healthy oceans and the services they provide relies on safeguarding marine
biodiversity. Genetic diversity is the foundation of biodiversity, underlying adaptive potential
and population persistence, ecosystem resilience and stability. Planning for future genetic
diversity conservation will be multifaceted. My thesis aims to uncover both patterns and drivers
of global genetic diversity in marine fishes and the population genetics of a single species, taking
a simultaneously global and single species approach to conservation genetics in the marine
environment. | initially used a synthesis methodology, taking advantage of the large amount of
publicly available genetic data. My aim was to determine global patterns of genetic diversity for
marine fishes and their drivers. I found that global patterns of genetic diversity seemingly follow
a west to east direction along global coastlines. I also uncovered human-caused declines in
genetic diversity but not population differentiation. I detected variation in genetic diversity and
gene flow levels connected to oceanographic parameters. I also found that species richness is
correlated with higher genetic diversity, more genetically similar populations and lower effective
population size. I then focused on a single species, anadromous sea lamprey Petromyzon
marinus. The aim of my study was to apply a conservation genetics approach to this widely
distributed species. As part of my study, I uncovered sea lamprey population genetic structure,
status, demographic and evolutionary history, and likelihood of future maladaptation. I identified
distinct sea lamprey management units across the species’ native range. I identified locations at
which sea lamprey are vulnerable, both currently and under future climate change scenarios. I
reconstructed deep demographic history and timed the split between sea lamprey populations on
the two Atlantic coasts. I also uncovered that in recent evolutionary time, sea lamprey have faced

population declines connected to human activity. My research has extended understanding of



genetic diversity across global marine fish species, sea lamprey genetic structure, evolutionary
trajectory and vulnerability across their native range. I interpret my results from a conservation
genetics point of view, aiming to inform efforts for biodiversity conservation and show the

importance in accounting for both the detail and the greater picture.
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GLOSSARY

admixture — interbreeding between two previously isolated populations
gene flow — movement of genetic material between populations
genetic diversity — variation in genetic composition within a population or species

gene diversity (expected heterozygosity) - probability that an individual will be heterozygous at
a given locus

allelic richness — number of alleles observed in a population, effectively an allele count
species richness — number of species found within a distinct region

FST - between-population genetic differentiation

effective population size (Ne) - rate at which a population is susceptible to genetic drift
genetic offsets - metric of genome-environment mismatch under future climate change

allelic turnover - turnover of allele frequencies across environmental gradients
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CHAPTER 1: INTRODUCTION

From sustenance to culture, our lives are interconnected with the world's oceans. An
increasingly large percentage of the human diet worldwide depends on marine resources
(Costello et al. 2020; FAO 2022; Jouffray et al. 2020), with developing countries
disproportionately dependent on fisheries compared to developed countries (FAO 2022). Natural
processes present across global oceans can also help mitigate climate change. Marine species
such as mangroves, seagrasses and coral reefs can buffer against the effects of climate change,
helping prevent coastal erosion and protecting coastal communities from extreme weather events
(Gracia et al. 2018; Guannel ef al. 2016). The biological carbon pump, a process where the ocean
functions as a carbon sink absorbing carbon that would otherwise contribute to climate change,
relies on biological processes of marine organisms (Heinze et al. 2015). Marine species also hold
the possibility of discovering new materials that could contribute to global sustainability goals
(Maeda et al. 2018; Tennakoon et al. 2023). Therefore, sustainability across global oceans will
not be possible without protecting the organisms that inhabit them. Preserving marine
biodiversity by enabling the perseverance of complex marine ecosystems and their dynamics
should be a priority when planning for a sustainable future and rethinking our relationship with
nature. Despite the culture and values of many coastal communities being deeply connected to
the ocean, as human societies become increasingly detached from nature, our relationship with
the ocean is often disregarded. The benefits and ethics of maintaining healthy oceans mean that
the value of undoing centuries of human-caused degradation of the marine environment should,
in theory, be indisputable.

Protecting marine biodiversity means maintaining genetic diversity at sustainable levels

and facilitating species’ resilience by ensuring their ability to adapt (Barrett & Schulter 2008).
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Meanwhile, contemporary genetic diversity is estimated to have declined by around 6% across
global taxa, including marine fishes (Leigh ef al. 2019). Overfishing has caused genetic diversity
declines in commercially harvested marine fishes (Pinsky & Palumbi 2014). Understanding the
extent of human impacts and the dynamics of underlying natural processes across global oceans
is needed to halt known declines in both biodiversity (Barnosky et al. 2011; Sala & Knowlton
2006) and genetic diversity (Leigh et al. 2019; Pinsky & Palumbi 2014). As the results of
human-caused environmental changes become increasingly noticeable, conservation of genetic
diversity should be at the forefront of planning for a sustainable future. Included in the Kunming-
Montreal Global Biodiversity Framework’s goals for 2050 is safeguarding genetic diversity and
subsequent adaptive potential across populations of wild and domesticated species. Alongside
the necessity of conservation actions, the framework highlights the need for equitable sharing of
genetic resources. Equitable sharing of these resources and the rights and benefits that derive
from them is a step forward in ensuring positive outcomes are felt globally. This way,
involvement will be encouraged across countries and communities, which is important in
encouraging global action to prevent biodiversity declines and working towards achieving
genetic diversity conservation goals. Efforts to maintain genetic diversity are relatively new, and
they provide an opportunity to ensure conservation goals and planning are truly science-based,
equitable and global.

Producing high-quality scientific research to support and inform policy is a baseline for
meeting conservation goals. There is a need for increased inclusion of scientists in the decision-
making process and a true intersection of science and policy. Plans underway to create a global
ocean observation framework based on metrics applicable to marine policy and management

support the inclusion of genetic diversity as a measure of biodiversity (Muller-Karger et al.
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2018). Restoration and maintenance of genetic diversity is explicitly included in the Kunming-
Montreal Global Biodiversity Framework for 2030. The proportion of populations within a
species with an effective population size, the rate at which a population is susceptible to genetic
drift, >500 is listed as a headline indicator. However, there is room for improvement, with more
details needed on how genetic diversity will be restored and monitored, data limitations
addressed, and the use of genetic diversity metrics as indicators (Hoban et al. 2020; Hughes &
Grumbine 2023). Genetic diversity metrics are equally valuable in a system-specific context. An
example of applying genetic tools to system-specific management needs is the long-term genetic
monitoring programs for managing ecologically and culturally important diadromous species in
the Columbia River Basin (USA) (Hand et al. 2018; Hess et al. 2022). Optimizing and applying
genetic diversity metrics for integration into policy has been extensively reviewed, with global
implementation still underway but substantial efforts at the country level (Hoban ef al. 2022). As
awareness of the importance of genetic diversity monitoring and reporting increases, so does the
need for good data practices. Ensuring genetic data is user accessible, reproducible and
applicable across studies will encourage its widespread use (Leigh er al. 2023).

Conservation needs across marine fishes can be hard to define, with different strategies
required at the species, population and stock level for commercially harvested species, to account
for different threat levels and natural processes experienced across their range. Defining
biological populations and management units can be challenging in the marine environment
where there is frequent mismatch between the two (Reiss et al. 2009), and population genetic
studies are a valuable resource for addressing this problem (Hemmer-Hansen ef al. 2019; Spies
& Punt 2015). Population vulnerability assessment using effective population size (Ne) as a

metric is also a valuable conservation tool in the marine environment (Hare ez al. 2011). One of
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the most commonly used databases for informing conservation priorities is the International
Union for the Conservation of Nature (IUCN) Red List which estimates species extinction risk
(IUCN 2012). However, the [IUCN Red List does not directly include genetic diversity despite its
widespread use in decision-making. Despite opposing suggestions, it cannot currently be used to
address issues regarding conservation of genetic diversity, as genetic diversity levels do not
reflect IUCN threat status on a species-by-species basis (Schmidt e al. 2023). Producing genetic
data on population structure and vulnerability that is directly applicable to conservation and
management will help address potential mismatch between biodiversity conservation strategies.

Subject to generations of overfishing, pollutants and the effects of urbanization since
humans started organizing as societies, evidence of human intervention in the marine
environment is expected to be easily detected. Simultaneously, marine fishes display a large
range of life histories and inhabit oceanographically diverse environments. Despite spatial
variation in human-caused impact levels, diverse life histories and habitats, past climatic
processes and contemporary declines in biodiversity due to human activity are evident at the
genetic level (Buckley et al. 2022; de Lafontaine et al. 2018; Karachaliou ef al. 2025; Layton et
al. 2021; Lehnert et al. 2019; Pinsky & Palumbi 2014). Therefore, marine fishes can provide
valuable insights into both human-caused and environment-driven evolution on ecological time
scales (Karachaliou et al. 2025; Layton ef al. 2021; Lehnert et al. 2019; Pinsky & Palumbi
2014). Determining the genetic basis of conditions affecting marine life across species and
populations could enable the isolation of natural evolutionary mechanisms from those caused by
human interference and climate change. Global biodiversity conservation and management
design needs to not just focus on the species level but also consider the unique needs and

characteristics of each population, overall structure and inter-population dynamics. Distinct
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populations within fish species can contribute towards resilience and persistence under unstable
environmental conditions due to per-population life history and local adaptation (Hilborn et al.
2003). Identifying populations' current status and predicting future responses under varying
oceanographic conditions linked to climate change could assist with understanding future trends
and planning for future safeguarding of genetic diversity.

Increased accessibility of next-generation sequencing techniques provides an opportunity
to better understand evolutionary processes underlying oceanographically complex marine
environments (e.g., Barceld ef al. 2022; Burt et al. 2024; Van Wyngaarden et al. 2018).
Advances in genetics have made a wide array of methods and resources available to deepen
understanding of our study systems. We can now readily search for genetic variants across the
genome in non-model organisms (Andrews et al. 2016; Ellegren 2014). Past schools of thought
claimed that marine fish species are not easily susceptible to genetic change due to their wide
distribution, large populations, high dispersal and connectivity, but advances in genetics are
challenging these beliefs (Hauser & Carvalho 2008). Contemporary studies are proving that
marine systems are more complex than previously assumed, uncovering finer-scale neutral and
adaptive population structure with implications for fisheries management (e.g., Canales-Aguirre
et al. 2022; Limborg et al. 2012; Longo et al. 2020; Milano et al. 2014). This approach also
holds in lampreys and other culturally and economically important diadromous species where
there are signals of population structure (e.g., Bourret ef al. 2013; Candy et al. 2015; Clemens et
al. 2017; Hess et al. 2020). Population genetics approaches can benefit management and
conservation planning in the marine environment. Examples include designing marine protected
areas (Xuereb ef al. 2019), genetic rescue (Neely et al. 2021), population status assessment (Hare

et al. 2011), identifying management units (Dahle ez al. 2018; Palsbell et al. 2007) and
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determining harvesting quotas (Dahle ef al. 2018). When possible, next generation sequencing
data should be preferred over more limited genetic markers, its utility already demonstrated in
lamprey genetic monitoring and management (Hess ef al. 2013; 2020; 2022). Meanwhile, Single
Nucleotide Polymorphism (SNP) panels have also been used to uncover demography, selection
and evolutionary history in other anadromous species of conservation concern such as Atlantic
salmon Salmo salar (Moore et al. 2014; Rougemont & Bernatchez 2018).

Future marine conservation planning is set to be a complex process. Marine life faces
universal threats across global oceans while species and populations face their own challenges.
Therefore, conservation stands to benefit from combining assessment methods and applying
multidisciplinary management approaches tailored to the multiple threat levels experienced. As
part of my PhD thesis, I have taken a hierarchal approach to conservation by exploring threats at
the global, species and population level. I have undertaken two different methods of applying
population genetic methodology to marine sciences and their conservation applications. A
synthesis methodology has enabled me to take advantage of the large amount of publicly
archived open data, a relatively recent practice that offers compelling research opportunities
(Leigh et al. 2021; Reichman ef al. 2011), to uncover global genetic diversity patterns, their
drivers and address global conservation questions. I interpret the effects of distinct
environmental and human-caused drivers of global genetic diversity to assist efforts to define
current biodiversity patterns, status and conservation priorities for marine fish populations,
knowledge critical to forecasting future trends and plans for sustainability. In the second
approach, I focus on and generate my own data for a single species, in this case anadromous sea
lamprey Petromyzon marinus, to address species and population level conservation questions.

An ancient jawless fish widely distributed on both sides of the North Atlantic Ocean (Potter et al.
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2015), sea lamprey has potential for wide dispersal during its parasitic feeding phase (Mateus et
al. 2021) and lacks natal homing behavior typical for anadromous fishes (Bergstedt & Seelye
1995; Waldman et al. 2008). These characteristics make it an interesting focus species for
population genetic studies. Lack of homing behavior and wide dispersal will minimize noise and
enable the detection of adaptation under high gene flow. The wide range of environments sea
lamprey inhabits across its distribution range will enable detection of adaptation to local
environmental conditions. Increasingly available next generation sequencing methods will be
invaluable to uncovering evolutionary patterns and processes underlying anadromous sea
lamprey’s oceanographically diverse habitat range and life history, while contributing knowledge
on evolution of North Atlantic diadromous fishes as a whole. Through this project, I account for
the importance of both a single species and global conservation perspective, by simultaneously
studying global marine genetic diversity and its drivers while focusing on producing specialized
single species knowledge on anadromous sea lamprey. My research seeks to extend
understanding of global marine biodiversity status and trends as related to global fish species, sea
lamprey population genetic structure, demography and evolutionary history across its
distribution range with a conservation and management focus. I interpret results from a
conservation genetics point of view, aiming to support efforts for sustainability and inclusion of

genetic metrics in marine conservation.
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Abstract

As humans drive biodiversity declines across global oceans, maintaining genetic diversity is
essential as it underlies adaptive potential and overall population persistence. A first step to
conserving genetic diversity in marine fishes is understanding global spatial patterns, the
oceanographic processes that shape genetic diversity and relationship with species richness. |
also examine if human activity is causing declines in genetic diversity. I programmatically
searched open data repositories collecting, georeferencing and re-purposing raw neutral
microsatellite data for marine fishes — 75,496 individuals, 1,143 populations and 73 species. I
then tested for relationships between genetic diversity and primary productivity, distance to
market, nearby land area, species richness, human population density, fishing effort and
cumulative human impacts on genetic diversity. I uncover global spatial patterns in marine
fishes’ genetic diversity, oceanographic drivers, human caused declines, and the relationship

between species richness and genetic diversity. I then discuss conservation implications.
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Introduction

Human behavior is contributing to biodiversity declines by extracting resources,
polluting, and altering habitats across global oceans (Sala & Knowlton 2006). The detrimental
effects of overexploitation and subsequent societal implications have been extensively reviewed
in scientific literature, along with proposed solutions. (Berkes et al. 2006; Duarte et al. 2020;
Worm et al. 2006, 2009). Genetic diversity facilitates population persistence as it underlies
adaptive potential and ecosystem stability and resilience (Raffard et al. 2019) in the face of
climate change (Barrett & Schluter 2008). Existing genetic variation has been known to facilitate
evolutionary responses to the effects of climate change in the marine environment, for example,
resilience to higher temperatures found in corals (Bay & Palumbi 2014) and ocean acidification
in sea urchin (Pespeni et al. 2013). Global efforts for genetic diversity conservation are
underway, with one of the Kunming-Montreal Biodiversity Framework long-term goals for 2050
being to maintain genetic diversity within populations across species and safeguard adaptive
potential. If we are to realize these goals, it is important to identify to what extent centuries of
human activity have affected genetic diversity across global oceans and uncover underlying
spatial patterns and associations between local environment conditions and genetic diversity.
Connecting underlying environmental conditions to evolutionary processes and accounting for
the effect of human disturbance could help predict evolutionary responses to future changing
conditions, assess vulnerability and support a science-based approach to safeguarding
biodiversity (e.g., Hoban et al. 2022; Muller-Karger et al. 2018).

Existing studies have shown varying genetic diversity trends across different markers,
taxa and environments. No spatial patterns of neutral nuclear genetic diversity have been found

for marine fishes, but genetic diversity is associated with primary productivity (Clark & Pinsky
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2024). Evidence of human impacts at the genetic level has already been detected. A meta-
analysis by Pinsky & Palumbi (2014) found that genetic diversity is lower in marine fishes
subject to overharvesting. Meanwhile on land, continued human encroachment on wild habitat
has come under scrutiny. Urbanization has been found to negatively affect mammal genetic
diversity in North America (Schmidt ez al. 2020), but no overarching relationships were found
for either amphibians (Schmidt & Garroway 2021b) or birds (Schmidt ez al. 2020). Even
problematic human ideologies have been found to leave a lasting effect on wildlife. Government-
imposed residential racial segregation policies in U.S. cities have led to genetic diversity declines
and fragmentation in urban wildlife (Schmidt & Garroway 2022). Understanding environmental
processes underlying genetic diversity patterns and their spatial distribution will help inform
conservation planning and predict how environmental changes linked to climate change and
future population declines in wild species may shape global marine genetic diversity.

To date, literature on genetic diversity patterns and drivers has mainly focused on
mitochondrial DNA markers. Global mitochondrial genetic diversity is connected to species
richness patterns (Manel ef al. 2020), primary productivity (Clark & Pinsky 2024) and positively
related to sea surface temperature (Clark & Pinsky 2024; Manel et al. 2020) for marine fish
species. Regions of high diversity are found in the West Pacific, North Indian Ocean and the
Caribbean, while regions with low diversity are found in the North-Eastern and West Atlantic
and the South Atlantic oceans (Manel ef al. 2020; Clark & Pinsky 2024). At the local level,
mitochondrial genetic diversity has been found to differ across South African bioregions for
marine fish and invertebrate species (Dalongeville et al. 2022). Although informative for
addressing some species-specific conservation questions, mitochondrial DNA markers are not

advised for conservation applications in a global context as they do not capture ecology,
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demography and genome-wide diversity (Schmidt & Garroway 2021a). Therefore, my study
aims to uncover patterns and drivers of genetic diversity in global marine fish species based on
microsatellite markers, a good indicator of genome-wide diversity (Mittell ef al. 2015).

Species richness, the best-studied biodiversity pattern, displays a latitudinal gradient in
coastal fish species, with diversity highest in the tropical Indo-Pacific and small bimodal peaks
north and south of the equator. Low to mid-latitude regions of high diversity were observed in
pelagic fish species, and slightly higher levels were observed in the southern hemisphere (Worm
& Tittensor 2018b). Species richness was also positively related to sea surface temperature
across all species, the effects of habitat area in coastal species, and habitat complexity in pelagic
species (Worm & Tittensor 2018a). A connection between nuclear genetic diversity and species
richness has yet to be made for marine fishes. Uncovering their relationship will be an asset to
conservation planning as different approaches will be needed if these two metrics do not follow
similar patterns. In the marine realm, a positive association between marine habitat-forming
species richness and nuclear genetic diversity has been found within ecoregions (Figuerola-
Ferrando ef al. 2023). Meanwhile on land, nuclear genetic diversity and species richness show a
negative relationship and can be explained by resource availability and ecological opportunity in
North American mammals (Schmidt et al. 2022a). In North American amphibians, species
richness and genetic diversity are also negatively correlated but high variation in life history
makes finding environmental correlates of genetic diversity and species richness difficult
(Schmidt et al. 2022b).

In this study, I synthesize publicly available nuclear microsatellite data sets archived with
individual studies to map genetic diversity in marine fish populations and explore natural and

human-caused correlates of genetic diversity. Microsatellites are well correlated with genome-
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wide diversity (Mittell ef al. 2015) and are the most abundant and best spatially sampled marker
type in data archives. Markers with genome-wide coverage such as SNPs are not as readily
available in data archives, therefore microsatellites were preferred for the needs of this study.
Isolating environmental and human-caused drivers will help define the patterns and processes
underlying marine fish genetic diversity and inform conservation efforts. I predict that human
activity will negatively affect genetic diversity and connectivity. To explore this, I use distance
to market (Yeager et al. 2017), fishing pressure (Kroodsma et al. 2018), human population
density (CIESIN 2018b) and cumulative human impacts (Halpern et al. 2015) as metrics for
potential human-caused declines in genetic diversity. I also predict that genetic diversity and
connectivity will be correlated with variations in local oceanographic conditions. Here I test for
associations with primary productivity (Yeager et al. 2017), dissolved oxygen (Assis et al. 2018;
Tyberghein et al. 2012), pH (Assis et al. 2018; Tyberghein et al. 2012), salinity (Assis et al.
2018; Tyberghein et al. 2012), sea surface temperature (Assis et al. 2018; Tyberghein et al.
2012) and land area (CIESIN 2018a). I also seek to understand the connection between
biodiversity at the species level, species richness, and intraspecific genetic diversity. Results are
interpreted in regard to both current and future conditions. I consider how the potential effects of
human activity may translate in the future under amplified human impacts, climate change and a
growing human population. I also consider implications of potential variation in genetic diversity
found across environmental gradients and climate change-derived environmental alterations such
as rising temperatures, ocean acidification, ocean deoxygenation and increased instances of

eutrophication.
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Methods
Data compilation
My data collection and analyses follow Schmidt & Garroway (2021b) and Schmidt et al.
(2020). To compile data sets, I programmatically searched online publicly accessible data
repositories with the R DataONE interface (Jones et al. 2016) using the keywords “microsat,”
“microsatellite,” and species name (e.g., “Petromyzon marinus”). A species list (8506 species)

was downloaded from the [IUCN Red List database (www.iucnredlist.org) using class

(“Actinopterygii”, “Chondrichthyes”, “Petromyzontida’) and marine regions of interest as search
terms. I included diadromous and brackish species inhabiting transitional zones. After assessing
suitability, I was left with 84 usable search results (Supplemental Information 1.1). Datasets were
considered usable when they consisted of presumed neutral microsatellites (e.g., excluding
known adaptive markers and SNPs) generated in a way that would not affect genetic diversity
(e.g., excluding individuals reared in captivity and simulated data). If datasets lacked
corresponding coordinates but included a sample map, coordinates were produced by
georeferencing in QGIS version 3.16 (QGIS Development Team 2021). As the scope of this
study does not include historical data, a cut-off point for usable samples was set to the year 1990.
Populations known to have been subject to restocking practices and populations post-natural
disaster were included in the study, as they are considered to reflect the present impacted state of
these populations. After applying these dataset retention criteria, I had 108 usable microsatellite
datasets (Supplemental Information 1.2).

These raw microsatellite datasets were used to calculate gene diversity, allelic richness,
population-specific Fst and effective population size for each population in R version 4.1.2 (R
Core Team 2021). Gene diversity (Nei 1973), a measure of the probability that two alleles

randomly selected from the population are the same, is largely unaffected by sample size
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(Charlesworth & Charlesworth 2010) and was estimated using the “Hs” function in the adegenet
package in R (Jombart 2008; Jombart & Ahmed 2011). Allelic richness, an allele count, is
sensitive to how many individuals are sampled (Leberg 2002) and was calculated using the
“allelic.richness” function in the hierfstat package (Goudet & Jombart 2015) for populations with
minimum number of alleles = 10. Allelic richness is affected by effective population size and
bottlenecks and therefore best used for understanding contemporary evolutionary processes
(Luikart ef al. 1998) and admixture (Chakraborty et al. 1988). Gene diversity is less sensitive to
these influences compared to allelic richness (Nei ef al. 1975) and is best used to understand past
processes. Population-specific Fst (Weir & Goudet 2017), a measure of between-population
genetic differentiation relative to an assumed common ancestor, was calculated using the “betas”
function from hierfstat, relying on a minimum of two populations per dataset. Effective
population size, or the rate at which a population is susceptible to genetic drift, was calculated
based on a linkage disequilibrium method using NeEstimator (Do et al. 2014). Effective
population size could not be calculated at all sites due to signals of genetic drift being lost to
sampling error. I log-transformed effective population size for use in further analysis and filtered
out populations with fewer than five individuals.

Next, I considered how human actions could affect genetic diversity for marine fish
species. Initially, I considered a population's distance to market, interpreted as its likelihood to be
a target of the seafood industry, using straight-line distance to provincial capital as a metric of
market access from Yeager ef al. (2017). Human population density can be considered an
indicator of urbanization and increased human activity-derived pressures near large human
population centers. For this metric, I downloaded estimates of human population density

(number of persons per square kilometer) in accordance with information from national censuses
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and population registers for the year 2010 in a 30 arc-second resolution as accessed from
CIESIN (2018b). To account for the sum of human impacts on the world's oceans, I used the
metric cumulative human impacts for the year 2013 from Halpern et al. (2015); cumulative
human impacts is an indicator of the effects of climate change, fishing, and ocean- and land-
based stressors on marine ecosystems. To further isolate the influence of fishing pressure, I used
hours of fishing per km? (Kroodsma et al. 2018) as a metric.

To uncover the environmental drivers of genetic diversity I used metrics of mean
dissolved molecular oxygen (mmol/m), mean surface pH, mean surface salinity (PSS) and
mean sea surface temperature (°C) downloaded from Bio-ORACLE (Assis et al. 2018;
Tyberghein ef al. 2012). I also used net primary productivity as extracted from 8-day composite
layers from 2003-2013 produced by NOAA CoastWatch (Yeager ef al. 2017). To account for the
influence of nutrient and energy runoff from terrestrial to associated marine ecosystems, |
downloaded estimates of land area (square kilometers per pixel) in a 30 arc-second resolution as
accessed from CIESIN (2018a). I obtained marine fish species richness estimates from Jenkins &
Van Houtan (2016). To account for effects across local to wider-scale areas, buffers were applied
when extracting information from these datasets at a 25, 50, 100 and 200 km radius. Datasets
were re-projected to the Lambert Cylindrical Equal Area coordinate system to assure they are
compatible and comparable.

Estimating spatial patterns of genetic diversity

To visualize patterns of spatial variation in genetic diversity, I created maps of gene
diversity, allelic richness, population-specific Fst and Ne, following methodology described in
Schmidt et al. (2022a), in R version 3.6.3 (R Core Team 2020). I used distance-based Moran’s

eigenvector maps (MEMs) (Dray et al. 2006), orthogonal spatially explicit eigenvectors that
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account for spatial autocorrelation across all scales with eigenvalues proportional to Moran’s 1.
MEMs were calculated in the R package adespatial (Dray ef al. 2017). I used the R package
marmap (Pante & Simon-Bouhet 2013) to create a distance matrix of spatial connections suitable
for a global marine dataset. Forward selection (Blanchet ef al. 2008) was used to select MEMs
representing significant patterns in gene diversity, allelic richness, population-specific Fst and
effective population size. MEMs representing broad spatial patterns in my data were selected
based on a threshold of Moran’s I > 0.25. I then created maps of gene diversity, allelic richness
and population-specific Fsrusing predictions from MEM models associated with the genetic
metric of interest. In the case of effective population size, where no significant MEMs could be
found, I used raw values for visualization.
Statistical analyses

I performed the following analyses in R version 3.6.3 (R Core Team 2020). I tested for
the effect of human behavior and surrounding environmental parameters on genetic diversity
using Bayesian generalized linear mixed models with the brms package (Biirkner 2017).
Predictor and response variables were scaled and centered before running models. Species were
treated as a random effect and between-species variation in the means of each genetic metric
were controlled for using random intercepts. Differences in relationships with predictors were
controlled for with slopes permitted to vary with species. In summary, I ran models for each
candidate measure of genetic diversity as explained by each candidate human-
caused/environmental driver including species as a random effect. All models in this study were
run with four chains and a minimum of 2,000 iterations.

In total, I ran 176 models: 4 genetic diversity measures x 11 candidate environmental or

human-caused drivers x 4 radii. Models were run both with and without priors, and I used normal
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priors with a mean 0 and a standard deviation 1 [Normal (0,1)] from the regression parameter
representing the corresponding population-level effect. Priors were conservative and accounted
for multiple testing issues. I tested for spatial autocorrelation in the model residuals using
Moran's I test in the package spdep (Bivand & Wong 2018). No spatial autocorrelation was
found, so I proceeded with my models without spatial corrections.

I estimated the probability of an effect being in the direction diagnosed by the 95%
credible intervals by calculating probability of direction of effect measured with the function
“p_direction” in bayestestR (Makowski et al. 2019). This summarizes the proportion of values in
the posterior distribution that have the same sign as the median value. Models with >89%
(McElreath 2018) probability of direction were considered to be of significant effect. I used the
brms package to perform posterior predictive checks using the function pp _check. Further model
diagnostics to assess model performance, efficient approximate leave-one-out cross-validation
(LOO) and widely applicable information criterion (WAIC) were estimated using loo() and
waic() respectively from the brms package. Probability of direction, LOO and WAIC were used
to select the most significant spatial scale per model. Conditional and marginal R? values were
estimated using r2_bayes() in the package performance (Liidecke et al. 2021). Conditional R?is
the variance explained by both fixed and random effects while marginal R? is the variance
explained only by the fixed effects. Bayesian R-squared values were estimated using the function
bayes R2() in brms. Bayesian R?is the variance explained by both fixed and random effects
divided by the total variance in the data. I tested for correlation between candidate drivers by

computing a correlation matrix with the package ggcorrplot (Kassambara 2023).
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Results

My initial global ocean dataset consists of 75,496 individuals, 1143 populations and 73
fish species (Figure 2.1, Supplemental Information 1.2, 1.3). Based on data availability, I
successfully calculated gene diversity and allelic richness for 1143 populations. Per population
Fst was calculated for 1131 populations, as datasets with less than two populations were
excluded. Effective population size was calculated for 682 populations. The signal of genetic
drift can be lost due to sampling error and Ne estimated as infinity. I excluded these estimates
from further analysis. Maps of raw genetic data are available in Figure 2.5, Supplemental
Information 1.4-1.6. Populations with fewer than five individuals were removed, leaving 1085
populations, 75,361 individuals and 73 species for subsequent analysis. The dataset I compiled,
aside from the purposes of this thesis and planned future publications, has been used as part of an
additional two studies I am co-author on (Paz-Vinas et al. 2023, Schmidt et al. 2024).
Global spatial patterns

Spatial variation followed the same pattern for gene diversity and allelic richness (Figures
2.2 & 2.3). High levels of gene diversity and allelic richness were found in the North Atlantic,
Baltic, Mediterranean Sea, Gulf of Mexico and Caribbean regions. Intermediate values were
found in the South Atlantic, Indian Ocean, West and Central South Pacific Oceans and the Red
Sea, with a decline along a west to east gradient. Low levels of gene diversity and allelic richness
were found in the East and Central North Pacific Ocean. Fst followed the opposite pattern
(Figure 2.4), low levels found in the North Atlantic, Baltic, Mediterranean Sea, Gulf of Mexico
and Caribbean regions. Intermediate values were found in the South Atlantic, Indian Ocean,
West and Central South Pacific Oceans and the Red Sea, increasing along a west to east gradient.
High levels of Fst were found in the East and Central North Pacific Ocean. No patterns of spatial

variation were found for Ne, allowing it to be visualized by plotting the raw data (Figure 2.5).
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Environmental and human-caused associations

Model effects were similar whether priors were used or not, and I interpret results based
on models with priors. The most significant model across all spatial scales examined was then
selected for each candidate driver of genetic diversity based on probability of direction, LOO and
WAIC (Table 2.1 & Figure 2.6). Diagnostics for models across all buffers, with and without
priors can be found in Supplemental Information 1.7, 1.8 respectively. Plots for models across all
buffers, with and without priors can be found in Supplemental Information 1.9-1.40. When
testing for correlation between candidate drivers of genetic diversity, temperature was found to
be positively correlated with species richness and negatively correlated with dissolved oxygen.

I found human population density to be associated with lower gene diversity, allelic
richness and effective population size. I found no relationship between human population density
and Fst. Cumulative human impacts are associated with lower allelic richness. I found no
relationship between cumulative human impacts and gene diversity, Fst or effective population
size. | found fishing pressure to be negatively correlated with gene diversity. I found no
relationship between fishing pressure and allelic richness, Fst or effective population size. I have
published my results on human population density, cumulative human impacts and fishing
pressure as a standalone study (Karachaliou et al. 2025). Distance to market is associated with
lower gene diversity and higher Fsr. I found no relationship between distance to market and
allelic richness, or effective population size.

Primary productivity is associated with higher gene diversity and allelic richness, and
lower Fsr. I found no relationship between primary productivity and effective population size.
Land area is associated with higher gene diversity and allelic richness and lower Fsr. I found no
relationship between land area and effective population size. I found sea surface temperature to

be associated with higher allelic richness and lower Fsr. I found no relationship between
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temperature and gene diversity or effective population size. I found dissolved oxygen to be
associated with lower allelic richness and higher Fsr. I found no relationship between oxygen
and gene diversity or effective population size. Salinity and pH were not associated with any
genetic diversity measures. I found species richness to be positively correlated with within
species allelic richness and negatively correlated with Fst and effective population size. I found

no relationship between species richness and gene diversity.

Discussion
Nuclear genetic diversity patterns differ from mitochondrial genetic diversity and species
richness patterns highlighting the differences between these concepts of biodiversity in marine
fishes. Genetic diversity and differentiation display opposing spatial patterns; higher between
population gene flow leads to higher genetic diversity as it likely facilitates higher rates of
evolution.
Global spatial patterns

My study found that spatial patterns of global nuclear genetic diversity differed from
those detected for biodiversity at the pelagic/coastal species level in Worm & Tittensor (2018b)
and mtDNA diversity (Manel ef al. 2020). A notable exception is the Caribbean, a secondary
location for high coastal fish species richness, where estimates for both nuclear and
mitochondrial genetic diversity are high (Manel et al. 2020; Worm & Tittensor 2018b). Another
exception is secondarily high pelagic fish species richness in the Atlantic thought to be
associated with the Gulf Stream and other frontal systems (Worm & Tittensor 2018b). Despite

these two exceptions at the local scale, my results highlight the differences between nuclear
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genetic diversity, species richness and mitochondrial genetic diversity as metrics of global
biodiversity.

Higher allelic richness and gene diversity in localities with low Fsr, and low allelic
richness and gene diversity in localities with high Fsr, suggest that higher connectivity and thus
similarity between populations is connected to higher genetic diversity. Opposing patterns
between global genetic diversity and genetic differentiation mean that high levels of gene flow
are correlated with high diversity in marine fish species. Population connectivity and gene flow
could be driving faster evolution as more genetic information is available to evolve from, leading
to higher genetic diversity. It is expected that higher connectivity between populations leads to
higher genetic diversity (reviewed in Kahilainen ef al. 2014) and high rates of gene flow are
associated with higher levels of genetic diversity at the species level (e.g., Consuegra et al.
2005). Low gene flow due to habitat fragmentation has been connected to lower genetic diversity
in human-impacted environments (Hoffmann et al. 2015; Johnson & Munshi-South 2017), but
this principle could also apply to natural environments fragmented by local oceanographic
conditions and natural barriers.

The geographic gradient in genetic diversity observed, seemingly following a west to east
path along global coastlines, could imply regional causes. Between-basin differences in
biophysical conditions, such as oceanographic parameters and human intervention, could be
driving differences in genetic diversity locally. These between-ocean differences in genetic
diversity suggest that ecosystems can be functional at different genetic diversity levels. Further
study of ecosystems and regions successfully functioning at lower genetic diversity levels could
assist managing genetic diversity declines in areas with historically higher genetic diversity.

Detecting and isolating human influence could inform decisions to manage the effects of human
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activity. For example, by finding a connection between urbanization and lower genetic diversity
at the global scale my results encourage sustainable urban planning and resource use to help
preserve coastal biodiversity. Similar studies could be undertaken locally. Understanding the
processes driving genetic diversity at the local level can inform biodiversity conservation efforts
locally, and by extension contributing to conserving global biodiversity.

Spatial patterns of genetic diversity could also reflect evolutionary and climatic processes
(Bowen et al. 2016; Hewitt 2000). Areas of high genetic differentiation detected across the Indo-
Pacific and Red Sea align with regional biogeographic barriers (Bowen ef al. 2016) that
combined with large oceanic distances could explain the highly differentiated populations and
low levels of genetic diversity detected. Opposing patterns of genetic diversity and
differentiation in the north and central Atlantic could result from the isolation of the tropical
Atlantic from the Indo-Pacific by historical geological events (reviewed in Bowen et al. 2016).
Additionally, existing contact between the south Atlantic and Indian Ocean via the complex
South African oceanographic system (Bowen ef al. 2016) could explain the genetic diversity
gradient observed, though limited data availability in the region prohibits too much speculation.
The lack of data for the Atlantic and Pacific coasts of South America also prevents fully
understanding evolutionary processes in the region. Further insight could be gained by

examining per ocean patterns, but this is outside of the scope of this study.

Urbanization is connected to lower genetic diversity and higher vulnerability to loss of genetic
diversity but not population fragmentation in marine fishes, highlighting humans as a

contemporary evolutionary force in wild populations.
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Urbanization

Human population density, a measure of urbanization, was associated with lower gene
diversity and allelic richness. Fish populations inhabiting environments adjacent to large human
population centers are more likely to have low gene diversity and allelic richness. Human
population density is also associated with reduced effective population size, indicating that
populations associated with large human population centers are more susceptible to genetic drift
than those inhabiting less disturbed environments. Genetic drift is thought to be stronger in
urbanized terrestrial environments (Johnson & Munshi-South 2017), and my results extend this
theory to the marine realm. Therefore, vulnerability to loss of genetic diversity increases in more
urbanized marine environments. Marine environments undergo biodiversity changes alongside
urbanization (Todd et al. 2019), while genetic diversity declines are expected in small
populations as a result of habitat fragmentation (Johnson & Munshi-South 2017).

I found no urbanization driven disruption of gene flow. Genetic diversity declines in
urbanized marine environments are most likely related to direct disturbances such as population
declines, habitat loss and pollution rather than a result of habitat fragmentation. Reviewed in
Todd et al. (2019), urbanization is a strong selective pressure (Alberti 2015; Donihue & Lambert
2015) leading to population-level adaptation (Alberti ef al. 2017; Johnson & Munshi- South
2017). Although my results are unable to measure adaptation directly, they show that global fish
populations are indeed subject to evolutionary forces caused by continuous human encroachment
on marine habitats. The ability to adapt to these pressures will be inhibited by low-standing
genetic diversity and increased vulnerability to the effects of genetic drift in highly urbanized
environments. We should therefore not expect adaptation to greatly contribute to population

persistence in human impacted environments.
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A low but detectable negative relationship between genetic diversity and fishing pressure was

found, cautioning against unsustainable fishing practices.

Fishing

I found fishing pressure to be negatively correlated with gene diversity, indicating that
gene diversity is lower in areas of high fishing activity. Overfishing has been connected to
declines in genetic diversity (Pinsky & Palumbi 2014). While effects across global fish species
are not as strong, the legacy of human fishing practices is still evident. The joint negative
influence of both urbanization, and to a lesser extent fishing, supports the relationship between
urbanization and resource extraction (Kirby 2004; Li 2003; reviewed in Todd et al. 2019). My
results could reflect the high intensity fishing activity taking place coastally, within the reach of
human population centers. However, fish populations inhabiting the high seas, defined as marine
areas beyond national jurisdiction, were underrepresented in this study so the full extent of
human impacts on genetic diversity in the open ocean is yet to be understood. This uncertainty

provides further reason to not fish the high seas (Sumaila ez al. 2015).

The low but detectable negative influence of the sum of human impacts across global oceans on

genetic diversity highlights the implications of human encroachment on marine ecosystems.

Human impacts

Cumulative human impacts (Halpern et al. 2015), a peer-reviewed index of the sum of
human impacts on the world's oceans, are associated with lower allelic richness, implying that
the sum of human-caused stressors in the marine environment is associated with lower allelic
richness compared to more “pristine” environments. Together with human population density,

my results show overall lower genetic diversity in environments associated with higher human
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presence. The weaker effect found for the cumulative human impacts metric is likely due to its
inclusion of spatiotemporally varying factors such as fishing pressure and sea surface
temperature anomalies. These factors vary across space and time compared to the effect of large

urban centers that is spatially fixed and persistent across time.

Distance to market is not a good predictor of exploitation in marine fishes at the global level.

Distance to market

Distance to market is negatively correlated with gene diversity; the further a population is
from a provincial capital, the lower gene diversity it harbors. Distance to market was also
associated with higher Fsr; the further a population is from a provincial capital the more
genetically divergent it is. I initially considered that distance to market, known to be linked to
condition of reef fisheries (Cinner ef al. 2013), as a predictor of exploitation caused declines in
genetic diversity and subsequent fragmentation linked to human proximity. Based on these
results, it seems that despite the utility of this metric in more localized studies, for global studies
such as this, the intended metric of human activity is not captured. The globalized nature and
accessibility of contemporary fish markets and fisheries supply chains could be the reason
distance to market is not significant globally. Instead, it seems to be an expression of distance to
shore and can be connected to the joint influence of productivity and land area metrics, based on
similar results found and discussed below and the fact that productivity and land mass is higher
closer to shore. Distance to market cannot be considered a reliable metric for this study and

caution is advised when interpreting associated results.
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Nutrient rich environments with higher energy availability can likely support larger, more
genetically diverse and similar marine fish populations through population persistence and more

individuals leading to higher levels of breeding.

Primary productivity

Primary productivity is positively correlated with gene diversity and allelic richness and
negatively correlated with Fst. My results show that highly productive environments are
connected to increased genetic diversity and similarity. The relationship between genetic
diversity and primary productivity is also supported by Clark & Pinsky (2024). Primary
productivity can be interpreted as the availability of nutrients or otherwise energy availability.
The relationship between genetic diversity and primary productivity could be connected to the
energy hypothesis (Currie 1991; Storch et al. 2018); regions with higher energy availability may
be able to support larger populations with high genetic diversity due to population persistence.
Productivity gradients are also known to drive evolution and population fragmentation (Saenz-
Agudelo et al. 2015), and I consider that this could lead to maintenance of higher genetic
similarity within regions of high productivity by limiting gene flow between areas of different
productivity levels. Genetic diversity has also been positively connected to population size
(McCusker & Bentzen 2010), energy availability potentially being an underlying driver. This
could explain increased gene flow and thus similarity within areas of high productivity as more

individuals lead to higher rates of breeding.

Land area can be considered a measure of productivity, habitat area and complexity. Marine
fish populations with more adjacent land area were found to be more genetically diverse and

similar.
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Land area

Land area is associated with higher gene diversity and allelic richness and lower Fsr.
Higher terrestrial nutrient and energy runoff to associated marine ecosystems results in higher
genetic diversity and increasingly genetically similar populations. Land area can be considered a
productivity metric due to the influence of nutrient runoff and therefore is connected to primary
productivity. This is supported by similar relationships found across these two metrics. Coastline
length as an expression of available habitat and its complexity is considered a predictor of high
biodiversity regions (Worm & Tittensor 2018a) and could also explain the land area metric.
Results could also be related to the positive relationship between biodiversity and habitat area
(De Souza Junior ef al. 2014). High genetic diversity found in proximity to larger land masses is
closer to the reach of humans. This is concerning as the continuous expansion of urban
settlements could expose more populations to the urbanization-caused genetic diversity declines

identified in this study.

Higher temperatures are connected to more genetically diverse and similar marine fish
populations. This is likely due to higher temperatures leading to higher metabolic and mutation

rates and shorter generation times.

Sea surface temperature

Temperature is connected to ectotherm metabolic processes, species habitat ranges and
their biological limits in the marine environment (Deutsch et al. 2020, 2024) and is known to
underlie evolution and divergence in marine fishes (Gagnaire et al. 2012, Riccioni ef al. 2013,
Therkildsen et al. 2013). I found temperature to be associated with higher allelic richness. This

result supports the expectation of higher genetic diversity under the evolutionary speed
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hypotheses, where higher temperatures are thought to drive higher metabolic and mutation rates
and shorter generation times (Fine 2015). A similar relationship has also been observed between
both mitochondrial genetic diversity and temperature (Manel et al. 2020) and biodiversity and
temperature (Worm & Tittensor 2018a). I found temperature to be associated with lower Fsr.
Populations inhabiting environments with higher temperatures are more genetically similar.
Based on my results on patterns of global genetic diversity, I expect higher metabolic and
mutation rates and shorter generation times under the evolutionary speed hypotheses to drive
higher rates of evolution and thus genetic similarity. However, this is contrary to expectations of

increased divergence under the evolutionary speed hypotheses.

Lower oxygen environments are associated with more genetically diverse and similar marine fish
populations, likely connected to metabolic processes and distribution limits linked to

temperature.

Dissolved oxygen

Oxygen is known to influence biodiversity across geological time scales (Sperling et al.
2022). Changes in biodiversity are observed across oxygen gradients (Rogers 2000), while
driving population structure and divergence (Berg et al. 2015; Harniman et al. 2013). I found
dissolved oxygen to be negatively correlated with allelic richness, areas with lower oxygen levels
harboring higher allelic richness. I also found dissolved oxygen to be positively correlated with
Fst, meaning that at lower oxygen levels populations are more genetically similar. Oxygen and
temperature are intrinsically related in the marine environment, my results reflecting this
relationship in connection to genetic diversity. In marine ectotherms, oxygen, alongside

temperature, influences metabolic processes and species distribution ranges (Deutsch et al. 2020;
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2024). Unless drastic measures are taken, rising temperatures and deoxygenation caused by
climate change will force species movement and extinction, affecting global biodiversity
distribution. The relationship between oxygen, temperature, species richness and projections
under global change (Deutsch ef al. 2024), in connection to what is now known about these
parameters' relationship to genetic diversity, urges inclusion of genetic diversity in climate

models.

Variation in salinity and pH levels doesn’t seem to be relevant to marine fishes' genetic diversity

or differentiation at the global level.

Salinity & pH

Salinity was not associated with genetic diversity or differentiation, despite it being a
known driver of evolution and differentiation across environmental gradients (Berg et al. 2015;
Gaggiotti et al. 2009; Riccioni ef al. 2013). A driver of adaptive evolution under simulated future
climate change (Pespeni ef al. 2013), pH was not associated with any genetic diversity measures.
There are known cases specific to ocean acidification conditions where adaptation benefits from
standing genetic variation (Bitter ef al. 2019) but is inhibited by stronger effects of short-term
genetic drift (Harvey et al. 2016). If genetic diversity is to be incorporated in plans to combat
ocean acidification, background information on underlying natural processes is needed. If the
intention is to maintain high levels of genetic diversity within populations subject to ocean
acidification conditions, the lack of a relationship between natural gradients in pH and genetic
diversity means that more generalized policies could be applicable at least globally. However,

this principle should not be applied locally before studies on finer-scale effects have been done.
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Species rich environments lead to more genetically diverse and similar marine fish populations,
potentially driven by energy availability, higher metabolic and mutation rates and shorter
generation times. Species rich environments seemingly support small populations due to

resource competition intensity as evident by low effective population sizes.

Species richness

I found species richness, a metric of species level biodiversity, to be positively correlated
with allelic richness within species. Species richness in marine fishes is associated with higher
temperature (Worm & Tittensor 2018a), and the positive relationship with allelic richness could
be connected to both the evolutionary speed (Fine 2015) and energy (Currie 1991; Storch et al.
2018) hypotheses. This positive relationship between genetic diversity and species richness for
marine fishes also reflects the results of Manel ef al. (2020). Species richness was negatively
correlated with Fst within species, with higher species richness leading to increasingly
genetically similar populations. Species richness is also associated with lower within species
effective population size; the more species concentrated in an area, the lower effective
population size is and the higher populations’ susceptibility to genetic drift. I consider that this
negative relationship could be caused by higher resource competition intensity in species rich
environments maintaining smaller population sizes with less breeding individuals. Species
richness is linked to resource availability and habitat complexity, with lower fitness enabling
more species to coexist as resources increase, until a peak is reached, and species richness
declines due to competition (De Souza Junior ef al. 2014). Results could reflect the genetic
implications of loss of fitness due to increased competition for resources leading to smaller
populations in species rich environments. Mitochondrial (Manel et a/. 2020) and nuclear genetic

diversity are associated with higher species richness, while all are associated with higher sea
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surface temperature (Manel ef al. 2020; Worm & Tittensor 2018a). My results add nuclear
genetic diversity to this relationship and support the interconnectedness of biodiversity and

temperature in the marine environment.

I expect both human-caused and environmental parameters to influence future genetic diversity
dynamics under climate change.
Implications

Urbanization is associated with lower effective population size, increasing vulnerability
to the effect of genetic drift. Evidence that effective population size in marine fishes is negatively
affected by humans is evidence against the belief that large, highly connected marine populations
would be less sensitive to population declines, and subsequently effects of genetic drift. Subject
to genetic drift, genetic variation is eroded reducing fitness and the efficiency of natural
selection, and effective population size is a recommended measure of population resilience in
management contexts as it takes into account both genetic and life history parameters (reviewed
in Hare et al. 2011). Observed higher species richness associated with lower Ne reflects natural
processes at play, sustainable under current conditions but caution is advised against assuming
high biodiversity interpreted as high species richness is an indicator of higher resilience. My
results suggest that species rich environments could be more vulnerable due to their increased
susceptibility to genetic drift, though high levels of gene flow observed could temporarily help
offset genetic diversity loss.

These findings further urge consideration of genetic metrics as part of biodiversity
hotspots conservation, especially as traditionally species rich regions are amongst the areas most

affected by climate change (Ramirez ef al. 2017) that according to my results harbor high genetic
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diversity. Increased vulnerability can be expected as future declines across populations and
species lead to loss of genetically unique populations, beneficial alleles that could be contained
within them and their adaptive potential. On the other hand, increased genetic similarity in these
regions may facilitate species’ perseverance due to populations persisting through increased gene
flow. Conservation attempts through population restocking may also benefit from naturally high
rates of gene flow. Increased gene flow between populations could be advantageous to re-
stocking depleted populations with individuals from other locations at a wider geographical
scale, neighboring populations also benefiting from re-stocking programs.

I expect human-caused declines in genetic diversity to increase vulnerability to future
environmental change (Barrett & Schluter 2008; Raffard et al. 2019). As variation in
environmental conditions was found to be connected to genetic diversity, it is important to
consider potential future implications. While this study accounts for contemporary environments
and does not directly include a metric of climate change, future changes in oceanographic
conditions have the potential to reorganize existing patterns of genetic diversity and likely
scenarios are considered based on current results.

Low oxygen levels were found to harbor higher allelic richness, cautioning potential for
loss of communities with high genetic diversity. As oxygen levels drop below survivability
thresholds, these highly diverse populations may have less time to adapt as they are closer to
their survivability threshold. Populations were found to be more genetically homogenous in low
oxygen environments. Therefore, increased gene flow between populations could offset declines
at least temporarily.

Highly productive environments were found to be more genetically similar and harbor

higher genetic diversity. With low productivity zones predicted to expand under climate change
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(Polovina et al. 2008), genetically diverse high productivity environments could be under
increased threat of declines and fragmentation.

High genetic diversity regions associated with higher temperature marine regions could
face rapid losses as already warm waters are pushed beyond their thresholds. Higher
temperatures driving increased genetic similarity could encourage at least temporary persistence,
actions such as re-stocking with thermally resistant individuals potentially having wider success.

Adaptation to environmental conditions under climate change could benefit from higher
gene flow, increasing the likelihood of spreading beneficial alleles between populations.
Interestingly, this could be the case under conditions of warming oceans and ocean
deoxygenation and could benefit regions with higher species richness. Conservation could be
more widely beneficial under high gene flow, as healthy populations can contribute to depleted
populations’ recovery. Under ocean acidification conditions and increased climate-change driven
instances of freshening (Boyer et al. 2005), reorganization of pre-existing genetic diversity
patterns is not expected to be linked to either salinity or pH levels directly, but genetic diversity

loss is still expected indirectly due to subsequent population declines.

Conclusion

As the implications of human intervention are visible at the genetic level, I expect future
adaptation to be challenging in already degraded marine environments. Adaptation is more
efficient when starting from high levels of standing genetic variation as adapting from already
existing, potentially already selected for, genetic information is easier than evolving new

potentially beneficial mutations (Barrett & Schulter 2008). My results connect declines in
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genetic diversity to human activity, implying that human behavior is inhibiting adaptive potential
in marine fishes.

Widely applicable global results are a useful tool when addressing policy makers and a
global audience. Decision makers’ backgrounds are often from a variety of different fields, often
not scientific, and these results are an easy to comprehend way to draw the attention of a global
audience to issues regarding marine ecosystems. Studies at the local level will be valuable for
conservation policies such as spatial planning and protected area design. Marine protected areas,
an often-contentious issue when it comes to their design and implementation, neither provide
adequate coverage of genetic diversity metrics (Paz-Vinas et al. 2023) nor capture genetic
diversity patterns (Figuerola-Ferrando ef al. 2023, Schmidt ef al. 2024) at the global scale.
Planning for protected areas should conserve high and protect low genetic diversity areas while
forming a network of high connectivity that will contribute to genetic rescue aiming to enhance
adaptive capacity across global oceans. Knowledge of both local and global parameters will help
tailor conservation planning to account for both global trends and regional differences. Studies
on the influence of seasonality and incorporating a metric of climate change are future research
directions that could also be beneficial for adaptive management.

As pressure on marine resources continues to grow, globalization and the extractive
nature of fisheries make regulatory mechanisms hard to enforce (Berkes et al. 2006). A global
approach to marine fish conservation has become increasingly urgent. Although positive at the
local level, my results caution against too much optimism about stock recoveries (Fernandes &
Cook 2013; Van Gemert & Andersen 2018). These stocks tend to be managed, and their
recovery process does unfortunately not extend to solving ocean-wide declines and may create a

false sense of security in public opinion. A high census population size does not necessarily
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indicate a viable effective population size (Frankham 1995; Palstra & Ruzzante 2008).
Threatened populations could go unobserved until it is too late; thus, genetic metrics should be
included in stock assessments and fishing quotas. With concerns about fisheries induced
evolution and its long-term effects on recovery (Enberg ef al. 2009), we must rethink how we
monitor wild and commercially exploited species and address discrepancies in assessment
methods (e.g., Schmidt ez al. 2023). Efforts to develop ocean observation frameworks integrating
genetic diversity monitoring that apply to policy should be further encouraged (e.g., Hoban ef al.
2022; Muller-Karger et al. 2018).

Wide-scale patterns of genetic diversity across oceans, species and their drivers were
identified despite the large amount of noise expected when analyzing such large datasets. This
further demonstrates the value of open data in conservation research, the importance of
encouraging open data practices and the benefits of a macrogenetic approach. My study has
provided a basis for understanding processes shaping genetic diversity across global oceans at
human interference and oceanographic levels. As human activity causes declines in marine fishes
globally, rethinking design and development of urban coastal communities, regulating human
activity in coastal waters and the high seas and transition to sustainability are increasingly
urgent. Understanding spatial distribution of global genetic diversity and the relationship
between genetic diversity and environment is a starting point for including genetic diversity into

marine spatial planning.
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Table 2.1. Model summaries for human-caused and environmental associations with genetic diversity and
differentiation. All model parameters had a normal prior centered on zero with a standard error of 1.
Model diagnostics are presented for models at most significant km buffer per candidate driver.
Diagnostics for models across all km buffers can be found in Supplemental Information 1.7. Effect sizes
for each predictor are given with 95% credible intervals. The widely applicable information criterion
(WAIC) and efficient approximate leave-one-out cross-validation (LOO) are an indicator of relative
model fit, higher values representing better model fit. Probability of direction (pd) is a measure of the
probability an effect is positive or negative. Conditional R2 is the variance explained by both fixed and
random effects while marginal R2 is the variance explained only by the fixed effects. Bayesian R2 is the

variance explained by both fixed and random effects divided by the total variance in the data.

Model 1-95% CI u-95% CI pd Conditional R2 | Marginal R2 | Bayesian R2 LOOIC WAIC

Gene Diversity ~ Primary

Productivity -0.02 0.15 93.17% 0.827 0.004 0.8271529 1255 1248.1

Gene Diversity ~ Distance to

Market -0.28 0.03 95.35% 0.829 0.016 0.8288427 1262.4 1251
Gene Diversity ~ Fishing Pressure -0.57 -0.04 99.25% 0.333 0.052 0.3354829 27020.4 75285.7

Gene Diversity ~ Dissolved Oxygen -0.47 0.19 80.05% 0.862 0.019 0.8622618 1021.3 1014
Gene Diversity ~ pH -0.18 0.27 67.30% 0.842 0.007 0.8414373 1177.5 1169.3

Gene Diversity ~ Salinity -0.23 0.79 83.85% 0.865 0.058 0.8646578 1010.1 1002
Gene Diversity ~ Temperature -0.21 0.32 63.52% 0.858 0.009 0.8575629 1053 1047.1
Gene Diversity ~ Land Area 0.00 0.11 97.89% 0.392 0.003 0.3944736 9519.1 9608.2

Gene Diversity ~ Urbanization -0.17 -0.01 98.80% 0.831 0.009 0.8312344 1179.7 1173.8
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Gene Diversity ~ Human Impacts -0.11 0.03 88.05% 0.807 0.002 0.8065582 1379.1 1374.1
Gene Diversity ~ Species Richness -0.33 0.22 68.49% NA NA NA NA NA
Allelic Richness ~ Primary
Productivity -0.01 0.16 95.97% 0.755 0.005 0.7550021 1635.4 1632.8
Allelic Richness ~ Distance to
Market -0.15 0.06 73.76% 0.747 0.002 0.7472214 1671 1668.3
Allelic Richness ~ Fishing Pressure -0.05 0.11 75.76% NA NA NA NA NA
Allelic Richness ~ Dissolved
Oxygen -0.51 0.03 95.55% 0.782 0.043 0.7817697 1506 1506.4
Allelic Richness ~ pH -0.22 0.28 62.18% 0.792 0.008 0.7915057 1471.1 1471.1
Allelic Richness ~ Salinity -0.16 0.68 87.48% 0.772 0.059 0.7722535 1567.7 1565.4
Allelic Richness ~ Temperature -0.06 0.38 92.40% 0.779 0.023 0.7790546 1519.3 1520.2
Allelic Richness ~ Land Area 0.02 0.13 99.39% 0.33 0.006 0.3350284 7113.5 6741
Allelic Richness ~ Urbanization -0.15 0.02 94.23% 0.751 0.004 0.7502231 1589.8 1587.1
Allelic Richness ~ Human Impacts -0.13 0.00 97.31% 0.747 0.004 0.7464375 1663.1 1661.1
Allelic Richness ~ Species Richness -0.08 0.36 90.22% 0.763 0.021 0.7628287 1600 1593.3
Fst ~ Primary Productivity -0.21 0.03 91.57% 0.576 0.007 0.5753536 2209.4 2207
Fsr ~ Distance to Market -0.06 0.31 90.45% 0.545 0.015 0.5447602 2305 2300.4
Fst ~ Fishing Pressure -0.06 0.10 72.44% 0.188 0.001 0.1985703 6608.2 4711.6
Fst ~ Dissolved Oxygen -0.02 0.87 97.00% 0.576 0.125 0.575366 2226.4 22233
Fst~pH -0.40 0.14 84.05% 0.515 0.018 0.5144288 2377 2373.8
Fst ~ Salinity -1.07 0.30 86.61% 0.594 0.123 0.5936833 2188.1 2183.5
Fst ~ Temperature -0.64 -0.01 97.90% 0.589 0.086 0.5887324 2189.4 2188.2
Fst ~ Land Area -0.41 -0.04 99.34% 0.392 0.04 0.3919392 24560.9 29105.4
Fst ~ Urbanization -0.12 0.21 70.50% 0.549 0.004 0.5488618 2203.0 2198.8
Fst ~ Human Impacts -0.08 0.12 65.75% 0.490 0.001 0.488848 2410.5 2408.7
Fst ~ Species Richness -0.30 -0.03 99.33% 0.489 0.024 0.4885272 2394.9 23929
Ne ~ Primary Productivity -0.11 0.23 80.05% 0.356 0.006 0.3554855 1710.7 1704.9
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Ne ~ Distance to Market -0.13 0.12 53.70% 0.331 0.002 0.3300793 1738 1732
Ne ~ Fishing Pressure -0.10 0.30 83.12% 0.275 0.01 0.2760769 5303.3 3646.8
Ne ~ Dissolved Oxygen -0.17 0.35 76.98% 0.357 0.014 0.3564425 1710.2 1706.5
Ne ~pH -0.22 0.17 65.77% 0.337 0.005 0.3364788 1727.9 1723.8
Ne ~ Salinity -0.28 0.23 64.08% 0.342 0.006 0.3416718 1723.9 1719.9
Ne ~ Temperature -0.35 0.13 83.93% 0.355 0.017 0.3540018 1713.1 1709.1
Ne ~ Land Area -0.15 0.05 85.12% NA NA NA NA NA
Ne ~ Urbanization -0.23 0.03 93.60% 0.275 0.007 0.2808449 2575.5 2412.4
Ne ~ Human Impacts -0.05 0.17 82.38% 0.325 0.003 0.3239981 1737.1 1733.7
Ne ~ Species Richness -0.24 0.04 92.73% 0.335 0.01 0.334092 1720.3 1716.8

Table 2.2. Table of relationships between genetic diversity measures and their candidate environmental
and human-caused drivers. Negative relationships noted as (-), positive relationships noted as (+) and

absence of relationship noted as (None).

Gene Diversity Allelic Richness Fsr Ne

Primary Productivity + + - None
Distance to Market - None + None
Fishing Pressure - None None None
Dissolved Oxygen None - + None
pH None None None None
Salinity None None None None
Temperature None + - None
Land Area + + - None

Urbanization - - None -
Human Impacts None - None None




Species Richness

None

Figure 2.1. Global microsatellite dataset: 75,496 individuals, 1,143 populations and 73 fish species
collected, filtered & georeferenced. Summary and reference information for data can be found in

Supplemental Information 1.2. A map showing which species are represented by which color can be

68

found in Supplemental Information 1.3. Each point represents a distinct population, and different colors

represent different species.
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Figure 2.2. Patterns of spatial variation in gene diversity (expected heterozygosity). High levels of gene
diversity found in the North Atlantic, Baltic, Mediterranean Sea, Gulf of Mexico and Caribbean regions.
Intermediate values found in the South Atlantic, Indian Ocean, West and Central South Pacific Oceans
and the Red Sea, with a decline along a west to east gradient. Low levels found in the East and Central

North Pacific Ocean.
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Allelic Richness

Figure 2.3. Patterns of spatial variation in allelic richness. High levels of allelic richness found in the
North Atlantic, Baltic, Mediterranean Sea, Gulf of Mexico and Caribbean regions. Intermediate values
found in the South Atlantic, Indian Ocean, West and Central South Pacific Oceans and the Red Sea, with

a decline along a west to east gradient. Low levels found in the East and Central North Pacific Ocean.
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Fst

Figure 2.4. Patterns of spatial variation in Fst. Low levels of Fst found in the North Atlantic, Baltic,
Mediterranean Sea, Gulf of Mexico and Caribbean regions. Intermediate values found in the South
Atlantic, Indian Ocean, West and Central South Pacific Oceans and the Red Sea, increasing along a west

to east gradient. High levels found in the East and Central North Pacific Ocean.
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Figure 2.5. Plot of raw Ne data, no global spatial patterns detected.
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Figure 2.6. Plot of model coefficients; x axis showing candidate drivers of allelic richness, gene diversity,

population differentiation (Fst) and effective population size (Ne), y axis showing direction of effects.

Slopes and intercepts were allowed to vary with species. Open circles are overall parameter estimates, bold

lines are 90% credible intervals, and narrow lines are 95% credible intervals. Model at most significant km

buffer shown.
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CHAPTER 3: RECONSTRUCTING GENOME-WIDE POPULATION STRUCTURE,
DEMOGRAPHY AND EVOLUTIONARY HISTORY FOR ANADROMOUS SEA

LAMPREY (PETROMYZON MARINUS)

Karachaliou E. !, Suurvili J.!, de Greef E. !, Garroway C.J.!, Docker M.F. !
! Department of Biological Sciences, University of Manitoba, 50 Sifton Rd, Winnipeg,
MB, R3T 2N2, Canada

Abstract

Anadromous sea lamprey (Petromyzon marinus) is of conservation concern in its native range on
both coasts of the Atlantic Ocean and the Mediterranean Sea. I use genomic data to uncover
population structure, status, re-construct recent and deep demographic history and inform
conservation efforts. For the purpose of this study, whole genomes from 155 individuals were re-
sequenced from locations throughout the sea lamprey native range. Population structure analysis
confirmed trans-Atlantic divergence in anadromous sea lamprey and uncovered a distinct
population in the Mediterranean Sea, encouraging designating distinct management units.
Estimates of contemporary effective population size showed that vulnerability levels vary across
different locations, encouraging a more localized approach to conservation. I found that all sea
lamprey populations have undergone steep declines in the recent past, and a slight recent
recovery in Europe, potentially indicating effectiveness of recent conservation efforts. Deep

demographic history seems to be connected to Quaternary glaciation cycles.
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Introduction

Native anadromous sea lamprey Petromyzon marinus are of conservation concern despite
landlocked invasive populations in the Laurentian Great Lakes thriving (Wilkie et al. 2022). Due
to the complexity of an anadromous life cycle, they are vulnerable to human-caused pressures,
such as physical barriers affecting migration and habitat degradation (Maitland et al. 2015).
Meanwhile commercial fisheries targeting sea lamprey operate in Europe (Almeida et al. 2021).
These pressures vary geographically. While sea lamprey are classified as Least Concern based on
their IUCN Red List assessment (Ford 2024), they experience varying threat levels across their
native range (NatureServe 2024, OSPAR status assessment; BDC 2022/sea lamprey Petromyzon
marinus), encouraging consideration of locality-specific management practices. Population
genetics can provide information to assist management and conservation planning, with
conservation plans directly benefiting from incorporating a genetic perspective (Dahle et al.
2018; Hare et al. 2011; Neely et al. 2021; Palsbell et al. 2007; Xuereb et al. 2019). This chapter
aims to produce information on sea lamprey status and demography to assist conservation
efforts.

This ancient jawless vertebrate, widely distributed across diverse environmental
conditions, is native to both sides of the North Atlantic Ocean. Their range extends from
Labrador to the Gulf of Mexico in the west, and from the Barents Sea to Norway and Iceland,
along the coast of Europe to North Africa, including the western Mediterranean and Adriatic Sea
in the east (Potter ez al. 2015). Adult sea lamprey migrate to rivers where they spawn and die,
with larvae living in the sediment as filter feeders for 4-8 years until they undergo
metamorphosis, after which the juvenile lamprey then migrate out to sea where they parasitize

host fish species (Dawson et al. 2015; Hardisty & Potter 1971; Renaud & Cochran 2019). Sea
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lamprey do not home to their natal streams (Bergstedt & Seelye 1995), despite natal homing as
part of migration being common in other anadromous fishes (Waldman ez al. 2008). The
ecological importance of sea lamprey has been reviewed in Docker et al. (2015); during their
burrowing larval stage and nest building spawning phase, lampreys resuspend sediment and
contribute to nutrient cycling in freshwater systems while simultaneously functioning as
ecosystem engineers. Lampreys then die after spawning, releasing marine-derived nutrients into
nutrient poor freshwater ecosystems. Sea lamprey are a high nutritional value food source for
other animals, including humans, reflected by their cultural importance in Europe (reviewed in
Docker et al. 2015).

Anadromous sea lamprey form two genetically distinct populations, each located on the
east (European) and west (North American) coasts of the Atlantic Ocean, with the West Atlantic
population expressing higher genetic diversity (Almada et al. 2008; Bryan et al. 2005; Genner et
al. 2012; Rodriguez-Mundz et al. 2004) and effective population size (Almada et al. 2008; Bryan
et al. 2005; Genner ef al. 2012). Estimates of recent evolutionary history based on mitochondrial
DNA (mtDNA) show an increase in genetic diversity ~125,000 years ago in the East Atlantic
and ~500,000 years ago in the West Atlantic (Genner et al. 2012). To date, no significant genetic
structure has been found within either Atlantic coast (Almada et al. 2008; Bryan et al. 2005;
Genner et al. 2012; Rodriguez-Mundz et al. 2004, Waldman et al. 2006). However, these studies
have been based on nuclear microsatellite markers and mitochondrial DNA haplotypes. While
informative, these markers have their limitations. Common issues encountered include
homoplasy, maternal inheritance of mtDNA, and variation in mutation rates and null alleles in
microsatellites confounding analysis (Morin et al. 2004). In comparison single nucleotide

polymorphisms (SNPs) can provide better and more uniform genome-wide coverage and higher
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quality data (Morin et al. 2004). Compared to microsatellites SNPs can better estimate
population genetic structure and diversity (Zimmerman ef al. 2020). The first study using whole
genome sequencing focused on sea lamprey in the East Atlantic and found them to be genetically
homogenous while displaying signs of latitudinal isolation by distance (Baltazar-Soares et al.
2023). Isolation by distance has also been observed in anadromous Pacific lamprey Entosphenus
tridentatus (Hess et al. 2013; Lin et al. 2008; Spice et al. 2012), a species with a similar life
history. Limited dispersal at sea could prevent total panmixia as it is thought that sea lamprey
rarely disperse far from the continental shelf and slope, though individuals are sometimes found
in deeper waters (Mateus et al. 2021). Different feeding preferences could cause differences in
dispersal distances between these species despite their similar life histories (Mateus et al. 2021;
Spice et al. 2012); longer attachment of blood feeding sea lamprey to hosts could increase
distance traveled at sea compared to flesh feeding Pacific lamprey that change hosts more often
(Potter & Hilliard 1987; Spice et al. 2012). Thus, I expect sea lamprey to be more genetically
homogenous than Pacific lamprey. Additionally, non-genetic evidence of finer-scale population
structure in sea lamprey has been found in Portugal (Lanca et al. 2014), with differences in
morphology and fatty acid signatures linked to local seabed conditions suggesting limited
movement during their marine phase (Lancga ef al. 2014).

Secondary contact has yet to be detected in sea lamprey, though transoceanic movement
has been recorded in Pacific lamprey (Murauskas ef al. 2019). Genner et al. (2012) suggested
that either colonization of Europe by North American migrants took place during the last
150,000 years, or that divergence between the two populations occurred earlier in their
evolutionary history and an environmentally driven bottleneck occurred in Europe ~125,000

years ago. This study was based on mtDNA markers and its extension by using the vast amount
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of information contained in genome-wide data would be beneficial. Complex trans-Atlantic
genetic structure is known for diadromous species such as Atlantic salmon Sa/mo salar (Lehnert
et al. 2020). Adding sea lamprey evolutionary history to existing literature will enable further
understanding of the evolutionary trajectory followed by diadromous species, movement across
the North Atlantic and potential drivers of evolution.

Next-generation sequencing will provide an opportunity to further our current
understanding of the genetic structure underlying anadromous sea lamprey oceanographically
diverse habitat range and life history. My study uses medium coverage whole-genome
sequencing data, low coverage data already successfully used in studies of demography and
population structure (e.g., Foote et al. 2016). Genome-wide data has also been recommended for
use in effective population size (Ne) estimates in marine fish species (Hemmer-Hansen ef al.
2014). Interpreted as the rate at which a population is susceptible to genetic drift, Ne in marine
fishes can be very different from census population size (Hauser & Carvalho 2008) and is a
valuable metric of population vulnerability to loss of genetic diversity that can inform
conservation and policy (Hoban et al. 2021). To date, studies that account for anadromous sea
lamprey range-wide have focused on mitochondrial and microsatellite markers, which reflect
genetic diversity less well than SNPs (Morin et al. 2004; Zimmerman et al. 2020). Therefore,
this study aims to use genomic data by scanning across the genome for SNPs, for individuals
from across the entire sea lamprey native distribution range. Data produced by this study on
demography, population structure and status will hopefully contribute to management and
conservation efforts. Adding data on sea lamprey to existing literature will enable further

understanding of evolutionary trajectory of diadromous species in the North Atlantic Ocean.
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Information on fine-scale sea lamprey population structure, status and demographic
history will also help identify management units and plan for a more localized approach to native
sea lamprey conservation. At the local level, questions have arisen regarding the origin of sea
lamprey in Icelandic waters, especially due to their increased occurrences in the northernmost
parts of their range on both coasts (Pereira et al. 201; Van Leeuwen ef al. 2021). Population
substructure could also be driven by unique life histories. Europe lacks any known landlocked
sea lamprey populations, though feeding in fresh water before outmigration to sea has been
recorded (Docker & Potter 2019). While sea lamprey in Sweden inhabit a transitional zone, they
are not established in the lower salinity waters of the Baltic Sea (Mikael Svensson, SLU Swedish
Species Information Centre, pers. comm.). [ will therefore delineate sea lamprey population
structure. The primary driver of genetic divergence is predicted to be trans-Atlantic distance,
with the secondary driver being distance between the Atlantic and the Mediterranean basin.
Population genetic structure within and between each Atlantic coast is predicted to be linked to
limits to dispersal and oceanographic barriers. Specialized life history characteristics will likely
drive further structure. Following the detection of genetically distinct populations, I will estimate
contemporary effective population size. This information can then be used to address local
conservation concerns such as those regarding the status of Swedish sea lamprey (Mikael
Svensson, SLU Swedish Species Information Centre, pers. comm.). I will then reconstruct
demographic history in the recent past. I expect recent demographic history to be linked to
habitat degradation and barriers to migration, with the East Atlantic reflecting the effects of
existing lamprey fisheries in Europe. I will then reconstruct demographic history in the distant
past and estimate the timing of the historical split between East and West Atlantic sea lamprey

populations. I expect the split between East and West Atlantic coasts and deep demographic
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trajectory to be connected to geographic isolation, climatic oscillations and glaciation events,

results reflecting their timing.

Methods

Samples

Anadromous sea lamprey samples were acquired from collaborators across their native
range. My final dataset consists of 155 individuals, 109 from the East Atlantic, 40 from the West
Atlantic and 6 from the Mediterranean Sea. Although most individuals were collected as adults,
larval samples were collected in Germany, Maryland and New Brunswick. Detailed sample
information is included in Table 3.1.

DNA extraction and sequencing

High quality DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen).
Samples were sent for PCR-free library construction and whole genome sequencing to The
Centre for Applied Genomics (TCAG; The Hospital for Sick Children, Toronto, Canada), where
sequencing was conducted on two [llumina NovaSeq 6000 runs utilizing paired 150-bp reads.
Sequencing was undertaken as part of a larger scale study including both anadromous sea
lamprey across their native range and freshwater resident sea lamprey in the Great Lakes.

Data processing, variant calling and filtering

Raw sequence data had already been demultiplexed and converted to files in .fastq format
upon delivery. Subsequent data processing, SNP variant calling and filtering were done by
Jaanus Suurvéli (University of Manitoba) as part of the larger scale study. The program fastp
(v0.23.1) (Chen et al. 2018) was used for adapter removal and quality trimming. Reads shorter

than 70bp after trimming were removed. Reports from FastQC (v0.11.9) (Andrew 2015) and
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fastp itself were used for quality control. Samples sequenced on multiple lanes were merged into
two files per individual, one containing forward reads and one containing reverse reads. Reads
were aligned to the sea lamprey germline assembly kPetMar1.pri (Timoshevskaya et al. 2023)
using BWA mem (v0.7.17) (Li & Durbin 2009) under default settings. MarkDuplicates from
Picard (v2.26.3) (Broad Institute 2019) was used to mark and remove duplicate reads, while
AddOrReplaceReadGroups was used to add a unique read group identifier to each sample.
Duplicate reads, reads that could not be mapped as a pair, those that failed platform/vendor
quality checks or had a quality score below 20 whilst mapping were removed using samtools
(v1.15.1) (Danecek et al. 2021). Platypus (v0.8.1) (WGS500 Consortium et al. 2014) was then
used to identify genetic variants. Computation was split across parallel nodes. The resulting .vcf
files were merged using vcf-concat from vcftools (v0.1.16) (Danecek et al. 2011). Only the
variants passing all default filters suggested by Platypus were used for downstream analyses. As
Platypus often reports haplotypes rather than individual SNPs, bcftools norm was used to
decompose these into one variant per row.

Sample names in the file were changed to names more appropriate for downstream
analyses using bcftools (v1.11) (Danecek ef al. 2021). The subsequent file was sorted using
bcftools sort. Anadromous sea lamprey individuals used for this thesis were extracted from the
full sea lamprey file and reordered based on location using bcftools view from beftools v0.1.11.
Genetic sites with no polymorphisms present after removal of the samples not used in this study
were excluded using SelectVariants from the Genome Analysis Toolkit (GATK; v4.2.6.1)
(McKenna ef al. 2010). Using beftools annotate, database identifiers for all chromosomes and
chromosome-associated genome fragments were replaced with their human-readable RefSeq

counterparts, such as “chrO1”. Any sites with data missing from more than 20% of all individuals
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were filtered out with beftools. Fourteen genome fragments unassigned to specific chromosomes
were left with either no variants or with only a single variant, and were excluded from further
analysis. The following analysis is based on the anadromous only data file and undertaken in R
version 4.3.2 (R Core Team 2023) unless otherwise mentioned.
Population structure

For population structure analysis, anadromous sea lamprey data were filtered using
beftools v0.1.16. Only biallelic SNPs were retained and the effects of linkage disequilibrium and
low frequency alleles were controlled for by removing all sites with minor allele frequency <
5%, and thinning data to retain only variants separated by at least 1000 nucleotides (1 kb). Since
my dataset includes larval samples, I tested for relatedness between individuals by calculating
identity by descent for the West Atlantic and East Atlantic/Mediterranean separately in the R
package dartR (v2.9.7) (Mijangos et al. 2022). Using Vcftools v0.1.16, nucleotide diversity and
pairwise Fst as per Weir & Cockerham (1984) were estimated on a windowed basis (window
size 20kb). These metrics were calculated for within and between East, West Atlantic coasts and
the Mediterranean Sea, and all distinct locations. Principal component analysis (PCA) was run
using the glpca() command from the R package adegenet (v2.1.10) (Jombart 2008; Jombart &
Ahmed 2011). The snmf function in LEA (Frichot & Frangois 2015), a method that can estimate
ancestry coefficients, was used to create plots of population genetic structure based on candidate
K=2-6 ancestral populations. PCAs and snmf analysis in LEA were run on the entire dataset, an
East Atlantic/Mediterranean and a West Atlantic subset.

Two larval samples from Maryland, PR2021 02 and PR2021_04, were found to be
outliers to the rest of North American sea lamprey individuals. Therefore, species identification

was confirmed using genetic data. The BLAST tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was
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used to search the NCBI nucleotide database for sequences similar to mitochondrial DNA reads
extracted from the two outliers.
Effective population size, demographic & evolutionary history

Contemporary effective population size (Ne) was calculated using the ldNe command
from the R package strataG (Archer et al. 2017). Ne is estimated based on linkage disequilibrium
across pairs of unlinked presumed neutral loci using Pearson’s squared correlation coefficient as
a metric (Waples et al. 2016). Effective population size can be interpreted as the number of
breeding individuals in an ideal population losing genetic variation at the same rate as the
observed population and the susceptibility of a population to the influence of genetic drift.
Scaffolds smaller than 100,000 bp were removed using a custom shell script to control for noise
created by small scaffolds. Non-biallelic SNPs, non-polymorphic sites and sites where more than
10% of individuals have missing data were removed using bcftools v0.1.11. Five distinct .vef
files each containing a 10,000 SNP subsample were produced using plink v1.90b as a thinning
tool, due to limits on the number of SNPs StrataG can process. These files were used as input for
strataG to calculate contemporary Ne across five distinct runs, for each distinct location.

Recent demographic history was uncovered by estimating recent trajectory of Ne using
GONE (Santiago et al. 2020) for the most genetically distinct populations identified. Analysis
was run on the 50 longest scaffolds due to limitations on the number of scaffolds that GONE can
use as input and problems caused by large differences in number of SNPs between scaffolds.
Data was subset to include only the longest 50 scaffolds using beftools. Non biallelic SNPs, non-
polymorphic sites and sites where more than 10% of individuals have missing data were also
removed using beftools. Files were converted to .ped and .map format using plink as input data.

GONE estimates were calculated across 100 replicate runs using Haldane’s correction for genetic
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distance and a maximum of 50,000 SNPs analyzed per chromosome. Recombination rate was set
to 6.39 cM per Mb based on dividing the combined genetic distance of 5570.25 cM calculated
for sea lamprey whole embryos by Smith & Keinath (2015) with 80% of the length of the
kPetMar1.pri reference germline genome, as this corresponds to the expected approximate size
of the somatic genome.

Past sea lamprey demographic trajectory, population expansions, declines and the split
between the East and West Atlantic coasts were estimated using SMC++ (Terhorst et al. 2017).
Rates of coalescence are used to infer effective population size (Ne) across time, with time to the
most recent common ancestor estimated across segments of the genome while taking into
account linkage disequilibrium. Scaffolds smaller than 100,000 bp were removed using a custom
shell script. VCF files were converted to .smc format using the vef2smc command. Masking
excluded indels, sites with quality value below 30 and left only biallelic sites in the data. The
demographic trajectory for each genetically distinct population was determined by 100 replicate
model runs using the estimate command. Per generation mutation rate for sea lamprey is
unknown to date, while generally SNP mutation rate varies between 10-® and 10~ (Brumfield et
al. 2003). A per generation mutation rate of 10 was selected based on the spectrum consistent
with current literature that used SNP data for fish species (Barth et al. 2017; Nikolic et al. 2020,
Yamasaki et al. 2020). Further parameters were defined using the following commands set to
default values --regularization-penalty 6.0 and --thinning 1000 * log(n) where n is sample size.
Runs were estimated across a timescale of 10-10° years ago. The split between the East and West
Atlantic populations was estimated using 10 individuals per Atlantic coast as recommended by
Terhorst ef al. (2017). One hundred replicate model runs were generated for each Atlantic coast

using the estimate command under the same parameters as above. The joint frequency spectrum
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for both populations was created using the vef2sme command. Split timing, shared and diverged
evolutionary trajectory between Atlantic coasts was then estimated using the split command for
100 replicate model runs, using the 100 per population replicate model runs and their joint
frequency spectrum as input. Preliminary plots were created using the plot command and based
on an average generation time of 9 years (Hardisty & Potter 1971). This command also produces
a file with the input data to create the plot. The data file created by the plot command was used

as input to visualize and plot models in R.

Results

A total of 155 anadromous sea lamprey samples were successfully sequenced across their
known distributional range. The resulting whole-genome sequencing of ~16.5x mean read depth
(maximum read depth reported per sample ~ 37.4x and minimum read depth reported per sample
~8.6x) enabled the location of 11,986,442 genetic variants out of which 10,658,258 are biallelic
SNPs.

Population structure

I found no related individuals in the East Atlantic/Mediterranean region. In the West
Atlantic region, I found two larval individuals from Maryland to be related (PR2021 02,
PR2021 _04) however they are not full siblings (mean probability of identity by decent = 0.36,
where duplicate samples = 1 and first-degree relatives = 0.5). It is not expected that two related
individuals in a dataset this size (n = 155) will bias population structure estimates. Fst estimates
(Weir & Cockerham 1984) detected significant differentiation between East and West Atlantic
coasts with mean Fst = 0.255. Significant genetic differentiation was also found between the

Mediterranean and the rest of European locations with mean Fst= 0.014, although it is not as
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high as differentiation between West and East Atlantic coasts. Differentiation between the West
Atlantic and Mediterranean was mean Fst = 0.177. No strong differentiation was detected
between or within West Atlantic locations or between or within East Atlantic locations. Mean
Fst estimates between locations are shown in Table 3.2. and within locations in Tables 3.3., 3.4.
and 3.5.

Nucleotide diversity was found to be higher in the East Atlantic (PI: 7.643e-05)
compared to the West Atlantic (PI: 1.125e-04), the opposite of what was expected from the
literature (Almada et al. 2008; Bryan et al. 2005; Genner ef al. 2012; Rodriguez-Mundz et al.
2004). No significant differences were found within respective Atlantic coasts and detailed
estimates are provided in Table 3.6.

Population structure was visually explored with admixture plots of K = 2-6 candidate
ancestral populations and PCA plots that agreed with admixture results. Analysis was run
separately for the entire dataset (Figure 3.1., Supplemental Information 2.1-2.3), the West
Atlantic coast (Figure 3.2., Supplemental Information 2.4-2.6) and the East Atlantic
coast/Mediterranean Sea region (Figure 3.3., Supplemental Information 2.7-2.9). Ancestry
coefficient estimates placed East Atlantic and West Atlantic coasts as separate populations, as
expected based on available literature (Almada et al. 2008; Bryan et al. 2005; Genner et al.
2012; Rodriguez-Munoz et al. 2004). No clear signs of trans-Atlantic gene flow were found, but
neither can the possibility of its existence be rejected. Potential evidence of low-level gene flow
could also be a signal of shared ancestry.

The Mediterranean was found to be genetically distinct from other European locations on
the Atlantic coast. This distinct Mediterranean population still displays substantial gene flow

with the rest of Europe. Results could also be interpreted as recent colonization of the



87

Mediterranean by Atlantic sea lamprey leading to high levels of common ancestry. Individuals
from Lough Conn in Ireland were also found to cluster separately. Individuals at this location
have been observed feeding in freshwater, contrary to typical anadromous sea lamprey behavior.
Not all individuals at this location were genetically distinct, perhaps because not all sea lamprey
at this location display this behavior. Ancestry analysis also found that sea lamprey from the
French Atlantic coast are the most genetically unique, with the rest of East Atlantic locations
being highly admixed. Sea lamprey in Sweden, thought to avoid lower salinity waters of the
Baltic, and Icelandic sea lamprey are also part of the highly admixed East Atlantic population.

A latitudinal gradient in population structure was observed on the West Atlantic coast,
with individuals from the most northern (Massachusetts and New Brunswick) and most southern
(Maryland, North Carolina) locations clustering together. Due to substantial gene flow, they
cannot be considered distinct populations and seem to be a case of isolation by distance. Two
larval samples from Maryland (Little Patuxent River) are outliers to the rest of North American
individuals. BLAST results matched mtDNA reads from these samples to sea lamprey sequences
in the NCBI nucleotide database at the 100% level. Therefore, these samples from Maryland are
not a case of misidentification at the species level during sampling efforts due to difficulties in
discerning identifying features in larval individuals.
Effective population size, demographic & evolutionary history

Contemporary Ne was estimated as such: 5 runs X 10k SNP subsample X location.
Estimates were then averaged across these 5 runs. A table of results across all 5 runs can be seen
in Table 3.7. Gene flow is known to bias Ne estimates (Wang & Whitlock 2003). When
migration rate is low the influence of genetic drift is more significant at the local level (Hare et

al. 2011), so I calculated Ne per distinct location.
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Sea lamprey on the French Mediterranean coast display a low Ne value of ~24, in line
with being described as locally quasi extinct (Bagliniere et al. 2020). Low Ne is also observed in
Sweden (Ne ~61), Maryland (Ne ~38) and Germany (Ne ~3). High Ne values are found in
Portugal (Ne ~6,997), Massachusetts (Ne ~9,758), the French Atlantic coast (Ne ~2,260) and
Ireland (Ne ~1,186). Intermediate values were observed in Iceland (Ne ~358) and North Carolina
(Ne ~151). Ne calculated for Iceland is likely an arbitrary number because spawning at this
location has not been observed, and sea lamprey here are believed to be straying from other
locations (Pereira et al. 2012). In New Brunswick Ne was found to be = Inf across all replicate
runs. Inability to calculate Ne at this location is likely due to weak genetic drift signal causing
higher error likelihood in large populations (Hare et al. 2011). Sea lamprey are listed as Secure
in the region (S5; NatureServe 2024), so a large population size is realistic.

GONE was run on the two main genetically distinct East Atlantic (115 individuals
including the Mediterranean Sea; Figure 3.4) and West Atlantic (40 individuals; Figure 3.5)
populations. The Mediterranean Sea (6 individuals from the French Mediterranean coast; Figure
3.6) and France (21 individuals from the French Atlantic coast; Figure 3.7) were also considered
genetically distinct enough locations to estimate their recent Ne separately. GONE reports time
in generations and an average generation time for sea lamprey is 9 years (Hardisty & Potter
1971). One hundred generations (900 years) ago the West Atlantic showed a steady incline in Ne
starting at ~50,000 and peaking at 125,000 around 50 generations (450 years) ago. Ne then
remained around the same level following a rapid decline towards the present. Over the last 100
generations (900 years) sea lamprey in the West Atlantic initially expanded but declined rapidly
in the recent past. Ne in the East Atlantic started at ~150,000 100 generations (900 years) ago.

Ne then slowly declined until the occurrence of a sharp bottleneck ~80 generations (720 years)
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ago. Ne remained extremely low until recovery started ~30 generations (270 years) ago raising
Ne to around ~25,000. Over the last 100 generations (900 years) sea lamprey in the East Atlantic
have experienced a steep decline but have shown signs of recent recovery.

Ne in France follows the same trajectory seen in the entirety of the East Atlantic,
indicating that despite sea lamprey in France being found to be genetically more “unique” than
the rest of sea lamprey in Europe, they share the same recent demographic history. This supports
French sea lamprey not being genetically different enough to be considered a distinct population.
Ne in the Mediterranean was estimated at ~5,000 around 100 generations (900 years) ago. Ne
steadily increased, peaking at ~12,500 ~50 generations (450 years) ago. Ne remained fairly
steady until ~20 generations (180 years) ago after which it sharply declined. Mediterranean sea
lamprey initially underwent a steady expansion, followed by a substantial recent decline. Despite
substantial gene flow with the rest of Europe the Mediterranean follows a different recent
evolutionary trajectory, confirming that it is a distinct population. It is also noted that the
Mediterranean, at least until 100 generations (900 years) ago, has been the smaller sea lamprey
population.

When estimating past demographic and evolutionary history using SMC++ I initially
considered the East Atlantic (115 individuals), West Atlantic (40 individuals), Mediterranean
Sea (6 individuals) and France (21 individuals) as distinct populations, aiming to use all
individuals per population for analysis. It is noted that SMC++ does not perform well in the near
past and the time point at which I consider models to start becoming unreliable is between
100,000-10,000 years ago. In the West Atlantic (Figure 3.8., Supplemental Information 2.10)
~10,000,000 years ago Ne was estimated at ~700,000. After a slight decline, ~2,000,000 years

ago Ne displayed a sharp increase to an Ne of ~50,000,000. Ne decreased abruptly to ~100,000
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at ~500,000 years ago. A second increase in Ne followed, peaking ~100,000 years ago with Ne
~700,000, after which Ne is seen to steadily decrease as it gets closer to the present. Sea lamprey
in the West Atlantic have undergone a rapid historical population expansion followed by an
equally abrupt bottleneck. These were followed by a second, less pronounced, population
expansion. The second decline in the more recent past is worth taking into consideration but less
reliable as it is closer to the present. In the Mediterranean (Figure 3.9., Supplemental Information
2.11) Ne starts at ~900,000 at ~10,000,000 years ago followed by a slight decline, recovery to its
initial numbers and eventual decline to a low of slightly under ~100,000 around 1,000,000 years
ago. At this time an abrupt increase in Ne occurs, peaking at ~900,000 at ~800,000 years ago
followed by a decline to a low of ~100,000 at ~500,000 years ago. A second rapid increase and
subsequent decline in Ne to similar peak and low values is observed at ~250,000 years ago and
~100,000 years ago respectively. Ne is then observed to steadily increase as time gets closer to
the present but this more recent expansion is likely unreliable. After a slight population decline
and recovery, sea lamprey in the Mediterranean have undergone two successive population
expansions and bottlenecks. The more recent population recovery, though unreliable, is worth
taking into consideration.

Sea lamprey in France (Figure 3.9., Supplemental Information 2.12) follow the same
demographic trajectory as the Mediterranean, with the more recent but unreliable population
recovery being more pronounced. Due to large sample size and computational limitations, I was
unable to estimate demographic history across the entirety of the East Atlantic simultaneously, so
results were inferred based on estimations made using subsets. The Mediterranean and France,
the two most genetically distinct locations in the East shared the same demographic trajectory

with ten individuals from Portugal (Figure 3.9., Supplemental Information 2.13) (also used for
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trans-Atlantic split estimates and discussed below), a representative of the highly admixed East
Atlantic population. This indicates that the East Atlantic/Mediterranean region shared the same
deep demographic history until ~100,000 years ago. To further support this theory of shared
ancestry I estimated demographic trajectory for an additional highly admixed East Atlantic
location, Germany (8 individuals; Figure 3.9, Supplemental Information 2.14). Sea lamprey in
Germany share the same demographic history with the rest of the East Atlantic up until the point
of the second population expansion, after which they do not undergo the second population
bottleneck and signal gets lost at around ~10,000 years ago. Thus, shared demographic history in
the East Atlantic can be confidently supported up to the point of initiation of this second
population bottleneck. After this time point, either there has been divergence in demographic
trajectory in Germany that could not be uncovered by this studies’ analysis of population genetic
structure, or demographic history remains shared and SMC++ was not able to computationally
capture more recent evolutionary processes for this specific location.

To estimate the trans-Atlantic split, I used 10 individuals from New Brunswick (Figure
3.8, Supplemental Information 2.15) representing the West Atlantic coast and 10 individuals
from the Vouga River in Portugal (Figure 3.9, Supplemental Information 2.13) representing the
East Atlantic coast. When demographic history for these two subsets was considered separately
prior to estimating the trans-Atlantic split, sea lamprey from New Brunswick followed the same
trajectory as the entirety of the West Atlantic with an exception that the second, more recent but
also unreliable, population decline was not detected as signal was lost. Sea lamprey from
Portugal shared the same demographic trajectory with the Mediterranean, Germany and France,
with signal starting to become unreliable at ~100,000 years ago. Split estimates (Figure 3.10)

showed that in the ancestral population Ne started at ~900,000 at ~10,000,000 years ago,
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followed by a decline, recovery to around its initial numbers and eventually declined to a low of
~100,000 at ~1,500,000 years ago right before the onset of the trans-Atlantic split. The split
between the two Atlantic coasts occurred ~1,500,000 years ago. Post split the West Atlantic
population experienced a rapid increase in Ne, estimated at ~50,000,000, followed by a rapid
decline to a low of ~200,000 at ~200,000 years ago. Ne then starts to increase until signal starts
to get lost ~100,000 years ago. Post split the East Atlantic population starts with a low Ne of
~10,000. Ne then increased to ~500,000 followed by a decline to ~80,000 at ~500,000 years ago.
This is followed by a second increase to ~1,000,000 at ~300,000 years ago after which Ne is
seen to decline again until signal is lost ~100,000 years ago. It is noted that SMC++ assumes a
clean split with no subsequent gene flow. As population structure results showed little evidence
of transatlantic gene flow, secondary contact is unlikely therefore this analysis method is
appropriate to the study system. Still, further testing for secondary contact using other analysis

methods is recommended.

Discussion

My results on population structure confirm trans-Atlantic divergence in anadromous sea lamprey
and uncover a genetically distinct population in the Mediterranean Sea. Estimates of
contemporary effective population size show varying levels of vulnerability across the sea
lamprey native range. Reconstruction of demographic trajectory in the recent past detected steep
recent declines across all sea lamprey populations. Reconstruction of deep demographic history
estimated the trans-Atlantic split to have taken place ~1,500,000 years ago and that the East

Atlantic seems to be the ancestral population.
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Populations are thought not to be highly structured and mainly driven by isolation by
distance due to limits to dispersal. Results are similar to what is known for Pacific lamprey, with
sea lamprey considered more likely to mix with nearby locations due to traveling greater
distances out to sea (Spice et al. 2012). Anadromous sea lamprey also seem to display
similarities to population structure known for sea lamprey in the Great Lakes, under increased
scientific scrutiny due to control programs targeting invasive populations (Marsden & Siefkes
2019). Despite their ability to disperse across long distances, landlocked sea lamprey display
wide-scale structure, with Lake Ontario, Lake Erie, and the upper Great Lakes all being
considered genetically distinct (reviewed in Docker et al. 2021). Genetically distinct populations
identified in the East Atlantic, West Atlantic and Mediterranean Sea mirror this pattern of broad-
scale population structure. Anadromous sea lamprey can travel long distances at sea, but
dispersal seems to have its limitations (Mateus ef al. 2021). Therefore, genetic structure should
be broad-scale rather than finer-scale. However non-genetic evidence of finer-scale structure of
anadromous sea lamprey has been found in Portugal, likely connected to local oceanographic
conditions (Lanca et al. 2014). Local differences in phenotypic and demographic characteristics
have also been observed in landlocked sea lamprey (reviewed in Docker et al. 2021). Despite
little overall evidence of finer-scale genetic structure in the Great Lakes (reviewed in Docker et
al. 2021), only one study used a genomic approach and was not specifically designed to answer
this question (Sard ef al. 2020). Although my results did not detect clear finer-scale genetic
structure, genetically different individuals were found in Lough Conn in Ireland and on the
French Atlantic coast. It seems that sea lamprey population genetic structure is more relevant at a

wider scale across both its native and invasive range.



94

Recent literature using next generation sequencing data on anadromous sea lamprey
populations for the first time (Baltazar-Soares et al. 2023) reported a single admixed population
in the East Atlantic showing signs of isolation by distance driven by latitude. By using an
extended sampling effort my results have uncovered population structure further than what was
previously known. There are sea lamprey spawning locations that were not included in my study
(e.g., Italy, Spain), supporting the potential for additional undiscovered genetic structure. My
results place Icelandic sea lamprey as part of the highly admixed East Atlantic population;
lamprey could either be straying into Icelandic waters from nearby locations, or spawning occurs
but has not yet been detected. Further research is needed to trace back the exact origin of sea
lamprey found in Iceland.

Management units are important to consider for conservation and sustainable harvesting
(Benestan 2019). My results add whole genome information to support previous studies that
identified genetically distinct anadromous sea lamprey on the West and East Atlantic coasts,
supporting their designation as distinct management units (Almada ef al. 2008; Bryan ef al.
2005; Genner et al. 2012; Mateus et al. 2012; Rodriguez-Mundz et al. 2004). Thus, management
should plan to account for per coast differences in human pressures, environmental conditions,
the presence of a targeted fishery and differences in demographic history.

My study also uncovered a genetically different Mediterranean population on the French
coast, unfortunately after its loss (Bagliniére ef al. 2020). Oceanographic barriers in the Atlantic
to Mediterranean transition zone can cause disruption to gene flow (Patarnello e al. 2007) and it
seems to also be the case for sea lamprey. This could also be the case for historic divergence in
European brook lamprey (Lampetra planeri); individuals found in rivers on the Mediterranean

coast display lower genetic diversity and are substantially genetically different to Atlantic
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locations (Rougemont et al. 2021). Despite being freshwater resident, they are thought to have
originated from their anadromous counterparts since gone locally extinct in the Mediterranean
(Potter et al. 2015). Anadromous Alosa fallax shad are also divergent between Atlantic and
Mediterranean locations, thought to be a result of past glaciation events (Sabatino et al. 2022).
Although sea lamprey sightings are rare in the Mediterranean (Cevik et al. 2010; Clavero et al.
2014; Economidis et al. 1999; Holc¢ik et al. 2004; Karachle & Machias 2014; Mizzan & Vianello
2007; Rafrafi-Nouira ef al. 2015; Thessalou-Legaki et al. 2012, reviewed in Petetta ef al. 2019),
it is thought that spawning still occurs in Italy despite their threatened status (Petetta ef al. 2019).
Conservation of Italian sea lamprey should be prioritized before they are also lost at this location.
Located further east than the French Mediterranean coast, Italian sea lamprey are more likely to
belong to the Mediterranean population than be genetically similar to the rest of Europe. As
Mediterranean sea lamprey were found to be a naturally smaller population on the French coast,
this would likely also apply to Italy. Sea lamprey in Italy are probably subject to pressures
similar to those that caused extinction on the French Mediterranean coast. The Mediterranean
coastline is densely populated and highly developed since antiquity, many areas also subject to
overtourism (Mandi¢ & Petri¢ 2021). This contributes to pollution, overfishing and unsustainable
urban development in the basin, an enclosed sea with limited inflow and outflow. High levels of
urbanization lead to more concentrated damming and polluting of rivers, preventing spawning.
Little information is available for sea lamprey in the Mediterranean, encouraging efforts to
understand more about their life history in the basin and identify existing spawning locations. It
has been proposed that gene flow between East Atlantic and Mediterranean sea lamprey is

facilitated by highly migratory host species crossing the Strait of Gibraltar (Petetta et al. 2019).
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It is considered that anadromy in sea lamprey could be facultative and linked to
abundance of suitable prey, and as a result, a freshwater body of water of adequate size is
necessary for feeding in fresh water (Docker & Potter 2019). To date sea lamprey have only been
known to have successfully become freshwater resident in the Laurentian Great Lakes, Lake
Champlain, Finger Lakes and Oneida Lake (Docker & Potter 2019) and freshwater-feeding
individuals in Ireland are thought to eventually migrate out to sea (King & O’Gorman 2018).
Finding that some lamprey at locations with known freshwater-feeding behavior are genetically
distinct implies that transition to freshwater residency could be underway. This possibility is
supported by the ability of both sea lamprey and other anadromous lamprey species to establish
freshwater populations and the existence of paired species, where freshwater resident species are
thought to have evolved from their anadromous counterparts (Docker & Potter 2019; Potter et al.
2015). Further research into potential underlying adaptive mechanisms is needed to uncover why
sea lamprey at this location are genetically different.

Morphological species identification of the two larval individuals from Maryland (Little
Patuxent River) identified as outliers to the rest of North America as sea lamprey was further
confirmed using genetic data. However, species identification at the genetic level was examined
using mtDNA, a marker that is maternally inherited, so these individuals could be hybrids. The
distribution range of sea lamprey overlaps with two non-parasitic lamprey species in Maryland;
least brook lamprey Lampetra aepyptera and American brook lamprey Lethenteron appendix
(https://www.marylandbiodiversity.com). Least brook and American brook lamprey adults are
morphologically different to adult sea lamprey. Adult hybrids would therefore likely be
morphologically different to the parent species, but larvae would be harder to distinguish

preventing identification as hybrids in the field. While hybridization in fishes is relatively
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common (Montanari et al. 2016; Scribner et al. 2000), hybrids between genera are less
frequently encountered but not unheard of (Montanari et al. 2016). Heterospecific mating
associations in co-occurring lampreys (Johnson ef al. 2015) increase the possibility of hybrids.
However, despite accounts of American brook lamprey spawning alongside sea lamprey in the
Great Lakes (Morman 1979), hybridization experiments failed to produce viable larvae, reaching
only the blastula stage (Piavis et al. 1970). Sea and American brook lamprey hybrids are not
considered likely but may not be impossible. No literature or accounts of least brook and sea
lamprey hybridization attempts exist to date.

Translocation of individuals can help restore declining or rebuild locally extinct
populations (Novak ef al. 2021). Restocking sea lamprey between Atlantic coasts is advised
against as populations are genetically different, although to date this has not been considered.
Restocking is feasible within each Atlantic coast at locations with high genetic similarity, such as
closely situated locations in the West Atlantic where effects of isolation by distance are low and
locations found to be highly admixed in the East Atlantic. Successful efforts in local
translocation of Pacific lamprey within the Columbia River system (Hess et al. 2022) encourage
considering this conservation method for sea lamprey. Based on my study, restocking between
the Mediterranean and the rest of Europe is not advisable. Despite retaining substantial gene flow
and shared deep evolutionary history, these locations are genetically different and follow
divergent recent evolutionary paths. The locally extinct population on the French Mediterranean
coast could be restored by restocking with individuals from Italy, though research would first be
needed to determine their genetic similarity. Additionally, potential plans would depend on the

recovery of sea lamprey in Italy and addressing the regional threats they face.
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Restocking is currently being considered as a conservation measure to enhance low sea
lamprey numbers in Sweden (Mikael Svensson, SLU Swedish Species Information Centre, pers.
comm.). Based on my results this would be possible because sea lamprey in Sweden were not
found to be genetically different and are part of the highly admixed East Atlantic population.
Therefore, individuals could be theoretically translocated from Ireland, Germany and Portugal,
though realistically German lamprey are too vulnerable for removal of individuals. Restocking
with individuals from France is not recommended as they were found to be slightly genetically
different. Sea lamprey from Spain were not included in this study and could be a candidate
source of individuals for translocation pending further investigation.

Sea lamprey on the French Mediterranean coast have been described as quasi extinct
since time of sampling in the early 2000s (Bagliniére ef al. 2020), with Ne before local extinction
estimated at ~24 individuals. Swedish sea lamprey, for which there are concerns regarding their
Endangered status (OSPAR status assessment; BDC 2022/sea lamprey Petromyzon marinus) and
low numbers (Mikael Svensson, SLU Swedish Species Information Centre, pers. comm.) display
a concerningly low Ne at ~61 individuals. Sea lamprey in Maryland are considered Apparently
Secure (S4; NatureServe 2024) but conversely display an Ne of ~38 individuals. Although sea
lamprey occurrences are frequent in the North Sea (Elliott ez al. 2021), they are Near Threatened
in Germany (OSPAR status assessment; BDC 2022/sea lamprey Petromyzon marinus) and very
few adults have been observed migrating upstream of the River Rhine (Baer ef al. 2018). This
makes Ne ~3 found in Germany extremely worrying and could indicate imminent population
collapse. Lower Ne was also found in North Carolina (Ne ~151). Sea lamprey in North Carolina
are considered Vulnerable (S3; NatureServe 2024), reflecting lower Ne observed at this location.

Higher Ne values are found in Portugal (Ne ~6,997), Massachusetts (Ne ~9,758), the French
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Atlantic coast (Ne ~2,260) and Ireland (Ne ~1,186). High Ne values in Portugal and France are
expected as they support some of the main sea lamprey populations (Mateus et al. 2012). Though
these results are encouraging, they are commercially valuable and subject to overfishing in the
region (reviewed in Maitland et al. 2015). Sea lamprey are considered vulnerable in Portugal and
near threatened in France based on their OSPAR status assessment (BDC 2022/sea lamprey
Petromyzon marinus). Caution is advised against overly positive interpretation of high Ne found
at these European locations as sea lamprey is considered at risk in Europe mainly due to habitat
loss (Mateus et al. 2012). Therefore, although high contemporary Ne estimates seem to indicate
positive population status at these locations, current numbers are unlikely to reflect historical
abundance. Sea lamprey are considered Apparently Secure in Massachusetts (S4; NatureServe
2024), though current abundance is thought to reflect around 50% of historical numbers due to
habitat loss from damming and pollution (Hartel ef al. 2002). High abundance in the Connecticut
River (Kynard & Horgan 2019) reflects detected high Ne value. Sea lamprey are Near
Threatened in Ireland based on their OSPAR status assessment (BDC 2022/sea lamprey
Petromyzon marinus) and display intermediate Ne values.

Population monitoring in the wild can be logistically challenging. Ne can be a useful tool
to assess the status of a population, as populations with low Ne are susceptible to inbreeding and
loss of genetic diversity and evolutionary potential (Frankham et a/. 2002), and therefore more
vulnerable. Effective population size has been considered an indicator of census population size,
the ratio of their relationship (Ne/Nc) approximately 0.1 (Frankham 1995; Palstra & Ruzzante
2008). However, this relationship generalizes across biologically very different species and taxa.
As the Ne/Nc ratio is not known for sea lamprey, when using Ne to inform conservation efforts |

interpret it as a vulnerability metric. Low Ne is an indicator of vulnerability, while high Ne is an
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indicator of resilience. At the local level, Ne estimates suggest that sea lamprey in Sweden,
Maryland and Germany should be prioritized for conservation and restoration efforts. Portugal
and Massachusetts, locations that support large numbers of sea lamprey, are the more resilient
locations based on their effective population size. This finding is encouraging, as planning for a
sustainable Portuguese fishery would not be realistic if this location was vulnerable. While some
locations may have historically supported naturally smaller populations than others, it is clear
that human pressures have shaped current status and larger population sizes could help buffer
against further declines. Both Portugal and the state of Massachusetts have the opportunity to
protect these abundant sea lamprey through appropriate conservation measures.

To date, management plans specific to anadromous sea lamprey are regional.
Management is implemented in Portugal and France in connection to local fisheries (Almeida et
al. 2021), and a conservation-oriented plan exists in the Connecticut River (CRASC 2018).
Commercial fisheries currently only operate on the East Atlantic coast in Portugal, Spain and
France, and while there are historical accounts of harvest by immigrants of European descent on
the West Atlantic coast no commercial fisheries for the species currently operate in the area
(Almeida et al. 2021). My results support the benefits of locality specific sea lamprey
conservation measures.

Over the last 100 generations (900 years) sea lamprey in the East Atlantic experienced a
steep decline but seem to be recovering in more recent years. Widespread fisheries in Europe
(Almeida et al. 2021) could have contributed to this decline, as well as increased habitat
degradation and barriers to migration due to an expanding human population and infrastructure.
Conservation efforts in recent years (reviewed in Almeida ef al. 2021) could have contributed to

recent recovery. I also found the East Atlantic to have a larger effective population size in the
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recent past than the West, the opposite of what has been suggested to date (Almada et al. 2008;
Bryan et al. 2005; Genner et al. 2012). Despite the East Atlantic population having declined
significantly in the recent past while supporting a commercial fishery, it seems that recovery is
underway and that it could benefit from a higher effective population size. These findings
encourage scaling up conservation efforts. Based on my results, the East Atlantic is a distinct
population with varying levels of gene flow across locations. It therefore could benefit from a
unified European conservation effort aimed at supporting both a sustainable population and
sustainable fisheries.

Over the last 100 generations (900 years) sea lamprey in the West Atlantic, a genetically
distinct population, seem to have undergone a steady expansion followed by a steep decline in
recent years. This recent decline is likely connected to habitat degradation and barriers to
migration as a result of increased urban development and increased fishing pressure affecting sea
lamprey prey species. The rapid recent decline has occurred despite lack of fisheries directly
targeting sea lamprey (Maitland ef al. 2015). Highly urbanized North American coastlines and
river systems could be intensifying threats known for native lampreys (Maitland et al. 2015,
Clemens et al. 2021, Moser et al. 2021). These threats have been extensively reviewed (Clemens
et al. 2021; Maitland et al. 2015; Moser et al. 2021); effects of barriers to migration, pollution,
habitat loss and degradation likely contributing most to the observed decline. The recent
population recovery in Europe, potentially connected to conservation efforts, encourages scaling
up more recent conservation efforts across the sea lamprey North American range (e.g., CRASC
2018; Hogg et al. 2013; Kynard & Horgan 2019; Livermore et al. 2017) and raising awareness

on the importance of this species to help curb declines.
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Over the last 100 generations (900 years), Mediterranean sea lamprey initially expanded
but the population has declined rapidly in the recent past, as expected based on local extinction
on the French Mediterranean coast where my samples originated from. Based on my results the
Mediterranean is a distinct population that maintains high rates of gene flow with the rest of
Europe. It thus should be considered separately when it comes to conservation and management.
Since the Mediterranean diverged from the rest of Europe at least 100 generations (900 years)
ago, it has been the smaller population compared to those situated on the West and East Atlantic
coasts. This is likely due to high historical human presence in the basin and derived pressures,
and the smaller enclosed Mediterranean Sea having a more limited ability to support large
populations. Sea lamprey are already considered scarce in the Mediterranean and my results have
now uncovered the population's historically small size and recent decline. The recent recovery
detected in the rest of Europe may have benefited from management efforts implemented in
connection to local fisheries, encouraging initiating conservation efforts in the Mediterranean.
Gene flow between the Mediterranean and the rest of Europe may also benefit future recovery.

According to split estimates, the East Atlantic is closest to the ancestral population. Sea
lamprey likely originated on the East Atlantic coast, and after an initial population bottleneck,
subsequent recovery and second bottleneck, populations split due to sea lamprey colonization of
the West Atlantic coast. Nucleotide diversity was found to be higher in the East Atlantic than the
West Atlantic, an expected result of a founder effect, further supporting the ancestral status of
the East Atlantic. Sea lamprey in the West Atlantic then likely encountered favorable
environmental conditions and rapidly evolved and expanded. Migration could also have been
instigated by a large number of individuals and occurred over a long period of time with the East

Atlantic population continuously contributing to the West Atlantic gene pool thus preventing low
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effective population size at that time. A population bottleneck followed, and then recovery in the
more recent past. Sea lamprey in the East Atlantic continued to have a smaller population size
post split. They then underwent two consecutive population expansions and bottlenecks.

Results place the trans-Atlantic split between East and West around 1,500,000 years ago,
supporting a proposed hypothesis from the literature suggesting that based on mtDNA
divergence occurred early in evolutionary history (Genner ef al. 2012), and reflecting an
overlapping time scale despite the difference in markers used. A subsequent bottleneck
connected to the last glacial period in Europe ~125,000 years ago (Genner ef al. 2012), the
existence of which is also supported by Almada et al. (2008), is further supported by my
detection of a population decline in Europe ~100,000 years ago. A second hypothesis from the
literature suggesting colonization of Europe by North American migrants during the last 150,000
years (Genner et al. 2012) is not supported by this analysis due to differences in estimated split
timing, and East Atlantic sea lamprey being placed as the ancestral population. Transatlantic
divergence in anadromous sea lamprey displays a similar timing to what is known for Atlantic
salmon; estimated to have occurred ~1,670,000 years ago by Rougemont & Bernatchez (2018)
and > 1,000,000 years ago by Nilsson et al. (2001). Both Atlantic salmon (Rougemont &
Bernatchez 2018) and sea lamprey transcontinental divergence took place during the Pleistocene,
a geological period that started ~2,580,000 and lasted until ~11,000 years ago (Gibbard et al.
2010). Sea lamprey divergence and subsequent isolation can be placed at the initiation of the
Quaternary glaciation cycles, a period thought to have shaped present day genetic diversity,
population structure and evolutionary history in the Northern Hemisphere (Hewitt 2000). Timing
of the historical decline detected for East Atlantic sea lamprey ~80 generations (720 years) ago

corresponds to the timing of the “Little Ice Age”, a prolonged period of low temperatures and
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extreme weather events linked to declines in cod fisheries in the North Atlantic (Rose et al.
2019). The absence of a similarly timed decline in the West Atlantic is likely due to the cooling
effects of the “Little Ice Age” being amplified in the North Atlantic European region (Lehner et
al. 2013).

Sea lamprey in the Mediterranean likely originated from the main East Atlantic
population more recently, supported by results showing shared past but divergent recent
demographic history. Lower Ne in the Mediterranean could indicate limits to population
expansion in a smaller, enclosed sea. Divergence between Mediterranean and East Atlantic sea
lamprey seems to have occurred between 900 and 100,000 years ago (based on an average
generation time of nine years according to the sea lamprey life span as seen in Hardisty & Potter
1971), likely taking place during the last glacial period. This timing connects Mediterranean sea
lamprey divergence to known glacial refugia in southern Europe (Hewitt 1999; Hewitt 2000), a
pattern followed by other lamprey species (Mateus et al. 2016).

This study has described population structure, reconstructed demographic and
evolutionary history, and estimated per location vulnerability to declines in genetic diversity
across the anadromous sea lamprey distribution range to inform conservation. My results
highlight the value of taking into account both past and present evolutionary trajectory while
simultaneously considering effective population size as part of a conservation genetic approach.
An ancient fish species, sea lamprey have persevered through population declines, contemporary
and historical environmental changes. My results provide information that will contribute to

management efforts to ensure sea lamprey survival in a changing future.
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Coordinates Date
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Close to ICE 67 64.162500, - Adult Tissue - ethanol Jonsson, Hafrannsoknast
Iceland - 2 2009 ,
Vestra-Horn ICE_68 14.476333 Magnus ofnun (MFRI)
Johannsson
Close to Benony
63.347633, - Adult Tissue - ethanol Jonsson, Hafrannsoknast
Vestman Iceland ICE_69 20.087850 1 2009 Magnis ofun (MFRI)
Islands ,
Johannsson
Benony
Ytri Ranga 63.818367, - Adult Tissue - ethanol Jonsson, Hafrannsoknast
Iceland ICE_66 1 2009
River celan = 20418817 Magnis ofiun (MFRI)
Johannsson
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Benony
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. Iceland - 5 2012 B}
Heradsfloi -ICE_74 14.135033 Magnis ofnun (MFRI)
Johannsson
48.83316932 Fandwmsehaftl
Adult & Fin cli thanol iches Zentrum
River Rhine | Germany PMGE2020 2109889702 8 2020 larvae ¢Hps - ethano Jan Bacr Baden-
: 95832 Wiirttemberg
(LAZBW)
Lough Conn — Ireland_01 2010, 2011, Adult Fin clips - ethanol . University
Moy* freland - Ireland_09 NA ’ 2016,2017 Fiona Bracken | (. 11ege Dublin
River Mulkear Ireland_11 Adult Fin clips - ethanol . University
Irela - N/A 10 2010, 2011 Fiona Brack
- Shannon reland - Ireland 27 ’ tona Bracken College Dublin
Lough Derg - Ireland Ireland_28 N/A 3 2010, 2011, 2017 Adult Fin clips - ethanol Fiona Bracken ] University }
Shannon* - Ireland_37 College Dublin
Institut national
de recherche
France Adult Fin clips - ethanol Guillaume pour
Qir River K SEL N/A 7 2015,2017,2018 P 'agriculture,
Atlantic Evanno . .
I'alimentation et
I'environnement
(INRAE)
Institut national
de recherche
- . pour
Fra Adult Fin clips - ethanol 112
ScorffRive[ l"danlb sc N/A 3 2018 U] 1n clips - ethano: Gul aume l'agriculture,
Atlantic Evanno . .
I'alimentation et
I'environnement
(INRAE)
Institut national
de recherche
S . pour
Fi Adul Fin clips - ethanol 1
Loire River rance PEMA N/A 6 2013 dult n clips - ethano Guillaume Iagriculture,
Atlantic Evanno . .
I'alimentation et
I'environnement
(INRAE)
Vi Ri Adul Fin clips - ethanol “atari iversi
ouga I iver Portugal VoU N/A 10 2021 dult in clips - ethano Catarina Unlvc@dadc
Basin Mateus de Evora
Mondeg(? River Portugal MON N/A 3 2020 Adult Fin clips - ethanol Catarina Univgrsidade
Basin Mateus de Evora
Tejo Rlver Portugal TEJO N/A 9 2021 Adult Fin clips - ethanol Catarina Un1V§r51dade
Basin Mateus de Evora
Guadianz»a River Portugal GUA N/A 10 2020, 2021 Adult Fin clips - ethanol Catarina Univgrsidade
Basin Mateus de Evora
Mikael Sverlges.
Adult Fin clips - ethanol Svensson, fantbruksuniver
Hogvadsan Sweden SWE N/A 7 2021 P X ’ sitet (SLU),
Elisabeth . .
Thysell Lénsstyrelsen i
4 Hallands lin
Institut national
de recherche
France Adult & L - pour
Rhone Estuary | Mediterra FRMED N/A 6 2003, 2010, 2015 NA Fin clips - ethanol (’E‘l;i"r‘l':e I'agriculture,
Vi
nean l'alimentation et
I'environnement
(INRAE)
. Fin clips — frozen . .
Connecticut Massachu CTR 41.28477, - 12 2019 Adult carcasses Ted Castro- U.S. Geological
River setts . 72.342589 Santos Survey (USGS)
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Lo New Fin clips — frozen s .
Richibucto 46.692742, - Larvae Wilfrid Laurier
B i RI ’ 12 201 Mik ilki
River rurl:sww 64.842909 019 carcasses ike Wilkie University
s St. Mary’s
Deer Creek Maryland DR2021 39.6748228, 2 2021 Adult Fin clips - ethanol Thomas Evans College of
-76.4511499
Maryland
s St. Mary’s
Falling Branch Maryland FB2021 39.6009291, 2 2021 Adult Fin clips - ethanol Thomas Evans College of
-76.4265029
Maryland
. L St. Mary’s
Little P: t 39.134949, - L: Fin clips - ethanol
fttle Patuxent -y yland PR2021 o g 4 2021 arvae i elips -ethanol | py mas Evans College of
River 76.82557
Maryland
North Carolina
34922800, - Gabriel M;Simrnlof
Pee Dee North NCSM_69176 80.018530 NA Tissue - ethanol e atura
. . . . 2 2011 M.Hogue, Sciences,
River** Carolina NCSM_69181 34.856270, - Michael Fisk NC Wildlif
79.916770 tehact s —
Resources
Commission
North Carolina
Museum of
35.349, - Gabriela M. Natural
North ' NA Ti - ethanol
Neuse River** | . © i NCSM_46040 78.1501 1 2007 1ssue - ethanol 1 yogue, Michael Sciences,
arotina Fisk NC Wildlife
Resources
Commission
36.328700, - .
77.578100 North Carolina
36.477120 Museum of
Roanok North NCSM_38060 7'7 639726 Adult & Tiss thanol Gabriela M. Natural
0anoke ort NCSM_105133 : 4 2018, 2019, 2024 NA ssue - eanot 1 Hogue, Michael Sciences,
River** Carolina 36.481510 to . L
NCSM_97531 36.468700 Fisk NC Wildlife
-77.636830
North Carolina
Museum of
Gabriela Natural
Pamlico Ri North 955400, - Adult Tissue - ethanol
qu ']:‘.) e c © | NCSM 53260 3;7 350386 1 2009 du fssu¢ - ethano M.Hogue, Sciences,
arsiver arotna : Michael Fisk NC Wildlife
Resources
Commission

* Locations at which feeding in fresh water prior to outmigration has been observed, ** Samples from

museum collection (North Carolina Museum of Natural Sciences Ichthyology Collection).

Table 3.2. Mean pairwise Fst estimates as per Weir & Cockerham (1984) (window size 20kb) between

distinct sampling locations

. Significantly different values in bold.

Mean FST Ireland France Germany Portugal Iceland Sweden Maryland Massachusetts [ N. Carolina | N. Brunswick
Ireland - 0.0027604 0.0017698 0.00036153 -0.00051566 -0.0013132 0.24939 0.23786 0.25022 0.23839
France 0.0027604 - 0.0024385 0.0019974 0.00086998 0.00052472 0.24012 0.22899 0.24067 0.22942

Germany 0.0017698 0.0024385 - 0.0015472 -0.00049131 -0.0018219 0.19562 0.19171 0.19536 0.19193
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Portugal 0.00036153 0.0019974 0.0015472 -0.00065924 -0.0015786 0.26603 0.25382 0.26697 0.25429
Iceland -0.00051566 0.00086998 -0.00049131 -0.00065924 -0.0022672 0.19976 0.19465 0.19965 0.1952
Sweden -0.0013132 0.00052472 -0.0018219 -0.0015786 -0.0022672 0.1902 0.18723 0.18985 0.18759
Maryland 0.24939 0.24012 0.19562 0.26603 0.19976 0.1902 0.0023248 -0.00017578 0.0021566
Massachusetts 0.23786 0.22899 0.19171 0.25382 0.19465 0.18723 0.0023248 -0.00076697 -0.0010563
N. Carolina 0.25022 0.24067 0.19536 0.26697 0.19965 0.18985 -0.00017578 -0.00076697 - -0.0014812
N. Brunswick 0.23839 0.22942 0.19193 0.25429 0.1952 0.18759 0.0021566 -0.0010563 -0.0014812 -

Table 3.3. Mean pairwise Fst estimates as per Weir & Cockerham (1984) (window size 20kb) between

the three different sub-sampling locations in Ireland.

Ireland Lough Derg (Shannon) Lough Conn (Moy) River Mulkear (Shannon)
Lough Derg (Shannon) - 0.001 -0.002
Lough Conn (Moy) 0.001 - 0.002
River Mulkear (Shannon) -0.002 0.002 -

Table 3.4. Mean pairwise Fst estimates as per Weir & Cockerham (1984) (window size 20kb) between

the three different sub-sampling locations in France.

France Loire River Oir River Scorff River
Loire River - -0.004 -0.003
Oir River -0.004 - -0.003
Scorff River -0.003 -0.003 -

Table 3.5. Mean pairwise Fst estimates as per Weir & Cockerham (1984) (window size 20kb) between

the four different sub-sampling locations in Portugal.

Portugal

Guadiana River basin

Mondego River basin

Tejo River basin

Vouga River basin

Guadiana River basin

-0.002

-0.002

-0.001

Mondego River basin

-0.002

-0.002

-0.001
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Tejo River basin

-0.002

-0.002

-0.002

Vouga River basin

-0.001

-0.001

-0.002

Table 3.6. Nucleotide diversity estimates (window size 20kb) across all distinct sampling and sub-

sampling locations.

Location Mean PI Location Mean PI

West Atlantic 1.125¢-04 Germany 7.935e-05

East Atlantic 7.643¢-05 Portugal (all locations) 7.678¢-05

Europe excluding Mediterranean Indiv. 7.632e-05 Guadiana River basin (Portugal) 7.845e-05
Mediterranean (French coast) 7.898e-05 Mondego River basin (Portugal) 7.874e-05
Ireland (all locations) 7.702¢-05 Tejo River basin (Portugal) 7.866¢-05
Lough Derg Shannon (Ireland) 7.902¢-05 Vouga River basin (Portugal) 7.843e-05
Lough Conn Moy (Ireland) 7.792e-05 Iceland 7.871e-05
River Mulkear Shannon (Ireland) 7.822¢-05 Maryland 1.109¢-04
France (all Atlantic locations) 7.821e-05 Massachusetts 1.137e-04
Loire River (France) 8.162e-05 North Carolina 1.120e-04

Oir River (France) 8.056¢-05 New Brunswick 1.136e-04

Scorff River (France) 7.997e-05 Sweden 7.957e-05

Table 3.7. Contemporary effective population size (Ne) estimates as per Waples et al. (2016) across all

distinct sampling locations. The mean across all five runs per location is reported in the main text.

Location Ne Run 1 Ne Run 2 Ne Run 3 Ne Run 4 Ne Run 5§
Mediterranean
(French coast) 24,18239 24,53278 24,68503 24,81832 24,0143
Ireland 1258,501 819,7898 1679,848 860,6329 1309,688
France (Atlantic) 2901,156 1982,278 2102,389 2225,005 2088,504
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Germany 3,060746 2,834029 2,962041 2,759615 2,834494
Portugal 1855,5 4765,583 6594,048 16524,39 5247,671
Iceland 328,2581 380,2433 313,0023 451,6325 319,242
Maryland 38,82678 35,60967 38,23725 38,4545 38,50506
Massachusetts 8053,25 14369,26 21434,43 2178,514 2754,337
North Carolina 152,9915 141,1976 149,8796 152,4433 156,5964
New Brunswick Inf Inf Inf Inf Inf
Sweden 63,72907 63,68867 60,05021 54,59841 64,23507

Figure 3.1. Map of ancestry coefficients estimated using snmf in LEA (Frichot & Frangois 2015).

Analysis was run for all sea lamprey individuals (n = 155) for an assumed number of genetically distinct
populations K = 3 here represented by different colors. Each pie represents a geographically distinct
sampling location. When metadata associated with samples did not include coordinates, or coordinates

were in freshwater, coordinates were taken from the drainage basin of the water body individuals were
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sampled from. In the case of Iceland, where sea lamprey are not known to spawn and individuals were

caught opportunistically (mostly at sea), coordinates were averaged across individuals.

Figure 3.2. Map of ancestry coefficients estimated using snmf in LEA (Frichot & Francois 2015).
Analysis was run for the West Atlantic North American coast sea lamprey individuals (n = 40) for an
assumed number of genetically distinct populations K = 3 here represented by different colors. Each pie
represents a geographically distinct sampling location. When metadata associated with samples did not
include coordinates, or coordinates were in freshwater, coordinates were taken from the drainage basin of

the water body individuals were sampled from.
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Figure 3.3. Map of ancestry coefficients estimated using snmf in LEA (Frichot & Frangois 2015).
Analysis was run for East Atlantic and Mediterranean European sea lamprey individuals (n = 115) for an
assumed number of genetically distinct populations K = 3 here represented by different colors. When
metadata associated with samples did not include coordinates, or coordinates were in freshwater,
coordinates were taken from the drainage basin of the water body individuals were sampled from. In the
case of Iceland, where sea lamprey are not known to spawn and individuals were caught opportunistically

(mostly at sea), coordinates were averaged across individuals.
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Figure 3.4. Plot of 100 replicate model runs reconstructing recent demographic history for the East Atlantic
(115 individuals including the French Mediterranean coast), showing the trajectory of effective population
size for the last 100 generations (900 years). Analysis undertaken in GONE (Santiago et al. 2020). Effective
population size on the y axis and generations back in time on the x axis. Dark blue shading represents the

90% confidence interval and light blue shading represents the 95% confidence interval.
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West Atlantic (n=40)
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Figure 3.5. Plot of 100 replicate model runs reconstructing recent demographic history for the West
Atlantic (40 individuals), showing the trajectory of effective population size for the last 100 generations
(900 years). Analysis undertaken in GONE (Santiago ef al. 2020). Effective population size on the y axis
and generations back in time on the x axis. Dark blue shading represents the 90% confidence interval and

light blue shading represents the 95% confidence interval.
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Figure 3.6. Plot of 100 replicate model runs reconstructing recent demographic history for the
Mediterranean Sea (French coast - 6 individuals) separately, showing the trajectory of effective
population size for the last 100 generations (900 years). Analysis undertaken in GONE (Santiago et al.
2020). Effective population size on the y axis and generations back in time on the x axis. Dark blue
shading represents the 90% confidence interval and light blue shading represents the 95% confidence

interval.
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France Atlantic (n=21)
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Figure 3.7. Plot of 100 replicate model runs reconstructing recent demographic history for the French

Atlantic coast (21 individuals) separately, showing the trajectory of effective population size for the last
100 generations (900 years). Analysis undertaken in GONE (Santiago et al. 2020). Effective population
size on the y axis and generations back in time on the x axis. Dark blue shading represents the 90%

confidence interval and light blue shading represents the 95% confidence interval.
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Figure 3.8. Plot of 100 replicate model runs reconstructing deep demographic history for the entire West
Atlantic North American coast (n = 40) and individuals from New Brunswick used to estimate the
transatlantic split (n = 10). The bold lines represent the median across model runs. Analysis undertaken in
SMC++ (Terhorst et al. 2017). Effective population size on the y axis. Years back in time based on a per

generation mutation rate of 10 on the x axis. Models estimated across a timescale of 10 - 10° years ago.
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Figure 3.9. Plot of 100 replicate model runs reconstructing deep demographic history for individuals from

Germany (n = 8), Portugal (10 individuals used to estimate the transatlantic split), the French Atlantic (n

= 21) and Mediterranean (n = 6) coasts as representatives of the East Atlantic European and

Mediterranean region. The bold lines represent the median across model runs. Analysis undertaken in

SMC++ (Terhorst et al. 2017). Effective population size on the y axis. Years back in time based on a per

generation mutation rate of 10 on the x axis. Models estimated across a timescale of 10 - 10° years ago.
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Figure 3.10. Plot of 100 replicate model runs reconstructing the transatlantic split using 10 individuals
from New Brunswick and 10 individuals from Portugal representing the West and East Atlantic coasts
respectively. The bold lines represent the median across model runs. Analysis undertaken in SMC++
(Terhorst et al. 2017). Effective population size on the y axis. Years back in time based on a per
generation mutation rate of 10 on the x axis. Models estimated across a timescale of 10 - 10° years ago.

The timing of the transatlantic split is represented by the black vertical line.
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CHAPTER 4: MALADAPTATION RISK ACROSS THE ANADROMOUS SEA
LAMPREY NATIVE RANGE

Karachaliou E. !, Suurvili J.!, de Greef E. !, Garroway C.J.!, Docker M.F.!
! Department of Biological Sciences, University of Manitoba, 50 Sifton Rd, Winnipeg,
MB, R3T 2N2, Canada

Abstract

Sea lamprey (Petromyzon marinus), subject to habitat degradation, barriers to migration, and the
increasing effects of climate change, is of conservation concern across its native range. I use
genome-wide information to determine adaptation to local environmental conditions and assess
future vulnerability under climate change. Whole genome resequencing was undertaken for 155
individuals from across the sea lamprey native range. I initially conducted a scan for local
adaptation to differences in temperature, oxygen, pH, salinity and urbanization. I then calculated
genetic offsets to predict per-location selection pressure intensity under future climate change. |
found the main driver of local adaptation in sea lamprey to be differences in pH levels. Using
genetic offsets, I forecasted locations at which sea lamprey are most likely to experience intense
selection pressure and are therefore more vulnerable to future climate change. I discuss
conservation priorities based on both contemporary sea lamprey status and predicted future

vulnerability.
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Introduction

Strong effects of climate change are expected in North Atlantic, Mediterranean and Baltic
Sea ecosystems, predominantly related to increasing temperature (Andersson ef al. 2015;
Lejeusne ef al. 2010; Poloczanska et al. 2013). Regionally the effects of climate change can
vary. For example, in the Mediterranean predicted increases in temperature and extreme weather
events are already underway (reviewed in Lejeusne ef al. 2010), while in the Baltic, predicted
higher temperatures and increased runoff may lead to lower salinity, eutrophication and
increased hypoxia events (Andersson et al. 2015). Future responses to climate change are
expected to differ both across and within species (Hare et al. 2016; Kjesbu ef al. 2022), raising
the question of what the differences in climate change vulnerability across a species’ range might
be.

Anadromous sea lamprey Petromyzon marinus are native to both sides of the North
Atlantic Ocean, distributed from the Labrador Sea to the Gulf of Mexico in the west, from the
Barents Sea to North Africa in the east and the Mediterranean Sea (Potter ez al. 2015). Sea
lamprey larvae live in fresh water until metamorphosis, followed by a marine phase spent
parasitizing other fish, ultimately undertaking a spawning migration into rivers after which they
die (Hardisty & Potter 1971; Renaud & Cochran 2019). Threat levels vary across the sea lamprey
native range, with many locations considered of conservation concern (NatureServe 2024;
OSPAR status assessment; BDC 2022/sea lamprey Petromyzon marinus). Sea lamprey is
assessed as Least Concern globally by the [UCN Red List (Ford 2024). Meanwhile at the local
level, many locations are threatened while others are not. Mismatch between species- and local-
level assessments strengthens the argument for a more localized approach to sea lamprey

conservation. Predicting future trends and understanding the differences in threats experienced
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across the sea lamprey native range will also be valuable as future range shifts are expected due
to rising temperatures affecting sea lamprey physiology and phenology (Wang et al. 2021).

Marine biodiversity loss and shifts in distribution due to changing environmental
conditions and human activity are already underway and expected to intensify (Sala & Knowlton
2006). Anadromous fishes are particularly vulnerable to environmental changes; shifts in
temperature and flow regimes can lead to range shifts, population declines and extirpations, and
changes in life history (Lassalle & Rochard 2009; Limburg & Waldman 2009; Waldman &
Quinn 2022). Adaptation is one way species can respond to impending climate change. Widely
distributed species inhabiting heterogeneous environments experience spatially varying selection
pressures that can drive local adaptation (Kawecki & Ebert 2004). Uncovering adaptation to
environmental gradients across a species’ range and locality-specific differences in life history
has the potential to assist in predicting species- and population-level responses to future
changing conditions. While conservation initiatives benefit from information on current
adaptation, incorporating predictions of the strength of future selection pressures expected across
a species’ range is also valuable. Adaptation is not a static process; understanding dynamics
across time and accounting for different climate change scenarios could help forecast future
adaptive ability and tailor conservation planning with long-term environmental changes in mind.
I therefore conduct an initial scan for adaptation across natural and human-impacted
environments, followed by estimating genome-environment mismatch under future climate
change.

Signals of adaptation have been detected in Pacific lamprey Entosphenus tridentatus,
another anadromous parasitic lamprey species with a similar life-history. In the northeastern

Pacific part of their range, outlier loci have been connected to geography, whether run timing
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occurred earlier or later in the season, and dwarf life history, a smaller body form of Pacific
lamprey (Hess et al. 2013). Local adaptation to individual body size and maturity traits have also
been detected, indicating potential spatiotemporal differences in fitness connected to body size
and ocean maturing vs stream maturing ecotypes (Hess et al. 2020). Adaptation linked to
environmental conditions and life history could be occurring in anadromous sea lamprey across
the Atlantic, with no studies to date spanning their entire distribution range. Meanwhile, sea
lamprey in the East Atlantic display spatial selection connected to oxygen concentration and
river runoff, metrics putatively related to environment and human-caused pressures (Baltazar-
Soares et al. 2023). Abundance of European hake Merluccius merluccius and Atlantic cod Gadus
morhua, sea lamprey host species during their parasitic marine phase, could also be a driver of
selective pressure, but the authors were unable to uncover the exact mechanisms underlying this
relationship (Baltazar-Soares et al. 2023).

Sea lamprey from across the North Atlantic occupy a variety of different habitats, with
fluctuations across space potentially causing local adaptation. The limits placed on sea lamprey
distribution by temperature are not known, but they reportedly inhabit temperatures between —0.6
and 20°C (reviewed in Beamish 1980), and oxygen consumption is known to rise with
temperature (Beamish 1973). In the upper ocean, oxygen concentrations increase with latitude
while temperature decreases (Deutsch et al. 2020). Temperature and oxygen, highly correlated
marine environmental variables, are connected to ectotherm thermal regulation (Portner & Knust
2007), metabolic processes (Deutsch et al. 2020, 2024; Portner & Knust 2007) and habitat
breadth (Deutsch et al. 2020, 2024) in the marine environment. The study of temperature and
oxygen as drivers of adaptation could also help predict future responses to rising temperatures

and ocean deoxygenation conditions.
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Environmental pH contributes to acid—base compensation in fish through metabolic
processes facilitating acid—base transfer between organism and environment (Gilmour & Perry
2009). Metabolic requirements thus differ across environmental gradients and could drive local
adaptation. Coastal systems are complex and influenced by watershed processes, nutrient inputs
and ecosystem metabolism causing changes in water pH (Duarte et al. 2013; Hendriks et al.
2015). Adaptation to pH gradients sea lamprey encounter across their range could help
understand response to future ocean acidification, with pH expected to decrease by an average of
up to around 0.33 +0.04 globally by the end of the century (Jiang ef al. 2019).

Salinity is known to drive adaptation across environmental gradients in fish species (Berg
et al. 2015; Gaggiotti et al. 2009; Guo et al. 2016; Riccioni ef al. 2013). Individuals from
Sweden that inhabit a transitional zone but have not been able to establish in the lower salinity
waters of the Baltic Sea (Mikael Svensson, SLU Swedish Species Information Centre, pers.
comm.) are of specific interest in this study. Swedish sea lamprey inhabit the Baltic to North Sea
transition zone, an area with a strong salinity gradient where the high salinity North Sea meets
the low salinity Baltic Sea (Maar et al. 2011). A widely distributed species, sea lamprey
encounter diverse environmental conditions across their range and adaptation to local salinity
levels could potentially limit sea lamprey dispersal at sea. The salinity range sea lamprey are
exposed to during their marine feeding phase is unknown. However, individuals used in this
study inhabit environments with a salinity (PSS) range of 20.25 (Sweden) to 37.71 (French
Mediterranean coast) (data extracted as part of this study from Bio-ORACLE; Assis et al. 2018;
Tyberghein et al. 2012).

Sea lamprey may also experience selection pressure to human-impacted environments.

As the human population continues to increase (United Nations Department of Economic and
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Social Affairs, Population Division 2022) so will its evolutionary impact (Steffen et al. 2011).
As an anadromous species, sea lamprey are vulnerable to the effects of human activity,
especially during their migratory phase. Barriers to migration and habitat degradation (Maitland
et al. 2015) could be forcing sea lamprey to adapt as many of their migration routes traverse
highly populated, urbanized areas. Human activity is a known driver of species evolution
(Johnson & Munshi-South 2017; Palumbi 2001), a relationship also reported in Chapter 2 of my
thesis. It could be possible that difficulties navigating human-impacted migration routes and
selective pressures due to habitat degradation factors such as pollutants, habitat alteration, and
predation at migration barriers near large human population centers are causing local adaptation.
Sea lamprey have been increasingly observed in the northernmost parts of their range
(Pereira et al. 2012; Van Leeuwen et al. 2021), and it is important to think about what future
implications may be as climate change drives further northward range expansions. One
perspective is that northward range expansion may have positive outcomes, compensating for
loss of suitable habitat in the south (Lassalle ef al. 2008). Another is that since sea lamprey are
highly invasive and destructive in the Laurentian Great Lakes, northward movement due to
climate change may open new environments for invasion. It would be sensible to consider the
potential for freshwater adaptation as climate change increases habitat availability at higher
latitudes. To date, Europe lacks any known landlocked populations, though feeding in fresh
water before outmigration to sea has been recorded (Docker & Potter 2019). Individuals from
Ireland sampled from a location where freshwater feeding is known to occur were found to be
genetically distinct in Chapter 3, highlighting the need to understand adaptation in regard to
freshwater residency. Although I have a limited number of samples, it is worth exploring this

question to encourage future, more in depth, research efforts. Anadromy is thought to be
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facultative and dependent on environment; sea lamprey need access to large water bodies with a
sufficient prey base to become established in fresh water (Docker & Potter 2019). Therefore,
managers may need to identify and monitor candidate freshwater environments for invasion as
northern habitat becomes accessible under expected range shifts driven by changes in
temperature and precipitation (Lassalle ef al. 2008). Uncovering potential adaptation to
freshwater environments will help assess anadromous sea lamprey's invasive potential in
environments other than the Laurentian Great Lakes.

Sea lamprey, a highly dispersive species with a wide distributional range encompassing
diverse environmental conditions, is an ideal candidate for investigating adaptation and selection.
The strength of this study lies in sampling from across the entirety of oceanographic conditions
anadromous sea lamprey experience across their distribution range and acquiring individuals
from locations known for unique life history traits. My dataset consists of 155 individuals,
including individuals from Sweden that are thought to avoid the lower salinity waters of the
Baltic Sea, individuals from Ireland sampled where freshwater feeding is known to occur, and
understudied Mediterranean sea lamprey. I plan on using two complementary approaches. First, |
will test whether sea lamprey are locally adapted across environmental gradients and differences
in human impact levels. I will then use this information to estimate genetic offsets, a metric of
genome-environment mismatch under future climate change. Using genetic offsets, I will make
predictions on the strength of selection pressure expected under future environments across the
sea lamprey distribution range. These results will provide information for prioritizing future
conservation efforts and assessing anadromous sea lamprey vulnerability per locality. I expect
sea lamprey to be adapted to local environmental conditions and human-derived pressures. I also

expect to find signs of adaptation to freshwater in Ireland, despite the low number of individuals
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sampled. I predict that at more northern latitudes, the Mediterranean Sea and the Baltic to North
Sea transition zone, sea lamprey will experience stronger selection pressures in respect to future

environments and will therefore be more vulnerable to climate change.

Methods

Samples

I used the same sample set as seen in Chapter 3: 155 individuals from the East Atlantic (n
=109), West Atlantic (n = 40) and Mediterranean Sea (n = 6) (Table 4.1).

Sequencing and data processing

I used the same sequencing data as in Chapter 3. DN A was extracted with the Qiagen
DNeasy Blood and Tissue Kit and sent for PCR-free library construction and whole genome
sequencing (TCAG; The Hospital for Sick Children, Toronto, Canada). Samples were sequenced
on two [llumina NovaSeq 6000 runs with paired 150-bp reads. Anadromous sea lamprey samples
were sequenced alongside freshwater resident sea lamprey from the Great Lakes as part of a
larger scale study.

Data processing, SNP variant calling and filtering were undertaken by Jaanus Suurviéli
(University of Manitoba) as part of the larger scale study and summarized below. Demultiplexed
raw sequence data was received in .fastq format. The program fastp (v0.23.1) (Chen et al. 2018)
was used to remove adapters and quality trimming. Quality control was based on reports from
FastQC (v0.11.9) (Andrew 2015) and fastp. Reads were then aligned to the sea lamprey germline
assembly kPetMar1.pri (Timoshevskaya et al. 2023) using BWA mem (v0.7.17) (Li & Durbin
2009). Duplicate reads were located and removed with MarkDuplicates in Picard (v2.26.3)
(Broad Institute 2019). A unique read group identifier was assigned per sample with

AddOrReplaceReadGroups in Picard. Samtools (v1.15.1) (Danecek ef al. 2021) was used to
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remove duplicate reads, reads that could not be mapped as a pair, reads that failed quality checks
or had a quality score below 20. Genetic variants were located using Platypus (v0.8.1) (WGS500
Consortium ef al. 2014)) and output .vcf files merged using vcf-concat from vcftools (v0.1.16)
(Danecek et al. 2011). Variants passing default filters set by Platypus met the criteria for
downstream analyses.

Anadromous sea lamprey individuals were then extracted from the full file and sorted by
location using beftools view (bcftools v0.1.11.). Genetic sites left without polymorphisms after
removal of samples not used in this study were excluded using SelectVariants in GATK v4.2.6.1
(McKenna et al. 2010). Sites missing data for > 20% across all individuals were removed using
beftools.

Local adaptation tests

To minimize the likelihood of false positives, I used three different approaches to scan
across the genome for putatively adaptive loci. The package pcadapt (v4.3.5) (Privé et al. 2020)
detects loci that are outliers while controlling for population structure with Principal Component
Analysis (PCA). Calculation of pairwise Fsr per site between the most genetically differentiated
populations in vcftools (v0.1.16) allows isolation of the most highly differentiated genetic
variants which can be considered putatively adaptive loci. Lfmm2 from the package LEA
(Frichot & Frangois 2015) is a method that uses latent factor mixed models (LFMM) to detect
local adaptation with genome-wide association tests with respect to environmental gradients
while controlling for population structure. A .Ifmm-formatted file produced using the vef2lfmm
function in LEA (Frichot & Francgois 2015) was used as input for all three approaches. I then ran

analyses in R v4.3.2 unless otherwise stated.
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For the first approach, I used the package pcadapt (v4.3.5) to detect outliers while
controlling for population structure. In Chapter 3, I found divergence to be primarily trans-
Atlantic. Based on this finding I set k = 2 genetically distinct populations, one on the East and
one on the West Atlantic. I then assigned each genetic site a p-value representing correlation
significance between principal components and data. I corrected for multiple testing using the
false discovery rate method from the qvalue (v2.34.0) package, and considered sites with a q
value < 0.05 putatively adaptive.

For the second approach I calculated pairwise Fsr per site between East and West
Atlantic sea lamprey, the populations accounting for most divergence, using --Weir-fst-pop from
vcftools (v0.1.16). I considered sites with the highest differentiation, represented by values in the
highest 1%, to be putatively adaptive loci.

For the third approach, I used the tools Ifmm2 and Ifmm?2.test from the package LEA
v3.14.0 (Frichot & Frangois 2015) to determine adaptation with respect to the environment. The
value for k, the number of genetically distinct populations, was set to k=2 based on neutral
population structure results (Chapter 3) that detected trans-Atlantic divergence. I examined
adaptation to current environmental conditions using mean dissolved molecular oxygen
(mmol/m~), mean surface pH, mean surface salinity (PSS) and mean sea surface temperature
(°C) (Bio-ORACLE,; Assis et al. 2018; Tyberghein et al. 2012). These metrics reflect natural
oceanographic conditions that could drive evolution and are connected to climate change. To test
for adaptation to human altered environments such as barriers to migration, habitat degradation
and their subsequent effects on life history, I used human population density as a proxy.
Estimates of human population density (number of persons per square kilometer) were based on

information from national censuses and population registers, for the year 2010 in a 30 arc-second
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resolution and accessed from CIESIN (2018). Mean values were extracted from these datasets
using a 200 km radius buffer. I retained the original dataset coordinate systems (WGS84) as it
was shared between datasets. In the case that metadata associated with anadromous sea lamprey
did not include coordinates, or coordinates were in freshwater, I took marine coordinates from
the drainage basin of the water body individuals were sampled from. In the case of Iceland,
where sea lamprey are not known to spawn and individuals were caught opportunistically
(mostly at sea), I averaged coordinates across individuals. To test for potential adaptation to
freshwater residency, I used a binary variable where 1 represented individuals caught at a
location in Ireland found to be genetically distinct in Chapter 3 where feeding in fresh water
before outmigration is known to occur, and 0 represented individuals with typical marine feeding
habits. I then assigned each genetic site a significance value and corrected for multiple testing
using the package qvalue (v2.30.0) and a significance threshold of 0.05 to identify candidate
adaptive loci of interest.
Gene ontology

To detect which genetic variants are associated with which genes, and which genes
correspond to known gene ontology (GO) annotations, I used variant annotation and gene-GO
association files produced as part of an ongoing study (Jaanus Suurvéli, University of Manitoba,
unpublished data). In summary, to produce the variant annotation file, a genome annotation for
kPetMarl.pri in .gff format was downloaded from NCBI and tRNA information removed.
Ensembl Variant Effect Predictor (VEP, v107.0) (McLaren et al. 2016) was run using the
aforementioned file, a genome in .fasta format and genetic variants in the form of a thinned .vcf
file as input. Genetic sites were considered associated with a gene when within 5 kb distance,

and cases where a genetic variant was associated with two different genes while being within the
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boundaries of one were addressed with a custom R script by removing the up or downstream
gene annotation. Using the VEP annotation file, lists of candidate adaptive single nucleotide
polymorphisms (SNPs) and their associated candidate genes could be produced in R. To produce
the gene-GO association file, protein sequences associated with known kPetMar1.pri genes were
downloaded from NCBI. Sequences were associated with GO terms by functional annotation

using the Pannzer2 online server (http://ekhidna2.biocenter.helsinki.fi/sanspanz/ ; accessed 03

May 2022) (Toronen et al. 2018). I then merged GO annotations for isoforms encoded by
protein-coding genes.

To minimize the likelihood of false positives, I considered four different approaches to
subsetting candidate loci for subsequent GO analysis. For the first approach I detected
statistically significant GO term/gene associations for variants associated with environmental
gradients and human activity from IFMM2, using enrichment analysis with the enricher tool
from clusterProfiler (v4.10.0) (Wu et al. 2021). I ran multiple testing corrections in enricher with
a g-value significance threshold of 0.05. For the second approach, I detected GO term/gene
associations for variants found across all three adaptation methods (LFMM2, pcadapt, Fsr
outliers). For the third and fourth approach, I detected GO term/gene associations for candidate
loci shared between LFMM?2/pcadapt and LFMM2/Fst outlier methods respectively. I used the

online tool ReviGO v1.8.1 (http://revigo.irb.hr/ ; accessed 23 November 2023) (Supek et al.

2011) to interpret GO results and make inferences on the biological mechanisms underlying sea
lamprey adaptation.
Allelic turnover & genetic offsets

I created an input .vcf file containing SNP variants found to be putatively adaptive by

LFMM2, pcadapt and Fsr outlier methods during previous analysis and converted it to 012


http://ekhidna2.biocenter.helsinki.fi/sanspanz/
http://revigo.irb.hr/
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format using vcftools. I note that for variants detected by LFMM2, only those found to be
connected to oxygen, pH, salinity, temperature and human population density were included, as
they are the variables under examination in the following analysis. I extracted metrics of mean
surface dissolved molecular oxygen, mean surface pH, mean surface salinity, mean sea surface
temperature (Bio-ORACLE; Assis ef al. 2018; Tyberghein ef al. 2012) and human population
density (CIESIN 2018) in R using a 200 km radius buffer to use in this analysis. I consider these
variables to be candidate underlying drivers of both contemporary and changing future
environments. For this analysis I interpret human population density as an indicator of the effects
of urbanization and associated sea lamprey habitat degradation, pollution and barriers to
migration.

I used the method Gradient Forest (Laruson et al. 2022) as applied by the gradientForest
R package (v0.1-37) (Ellis et al. 2012) to determine how “maladapted” sea lamprey potentially
are to their respective future environments. In summary, this method uses a random forest
approach to determine environmental associations with allele frequency turnover across space. It
then estimates the genetic distance, or otherwise “mismatch” between present and predicted
future environments at a location. I interpret future maladaptation risk as the strength of selection
pressure expected to be experienced at a location. I ran the analysis on the entire dataset
spanning the anadromous sea lamprey distribution range, an East Atlantic/Mediterranean subset,
and a West Atlantic subset. I analyzed East and West subsets separately to explore coastal
adaptive processes, as in Chapter 3 population divergence was primarily trans-Atlantic.

I initially accounted for spatial patterns using PCNMs (Principal Coordinates of
Neighborhood Matrix), functions that use a truncation threshold for long distances and map

between row distances onto a rectangular matrix on rows (Borcard & Legendre 2002), using the r
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package vegan v2.6-4 (Oksanen et al. 2022). I calculated the association between genotype and
environment across space using the gradientForest() function with ntree = 500, nbin =301 as
model parameters and SNPs, climate and spatial variables as input. Predictor variables and
significant PCNMs were ranked by importance and plotted. I then estimated present day turnover
of allele frequencies across environmental gradients using the predict() function and associated
environmental variables and fitted gradient forest model as input. I then plotted the resulting
map. Human population density was not included in allelic turnover calculation and only
interpreted based on its predictor importance ranking in the model. It was included in the initial
model as it is informative and worth consideration but lacks compatible mapped marine data.
Allelic turnover calculation requires data that is constant across space while this metric of human
population density consists of point data.

I then estimated turnover of allele frequencies across future environmental gradients with
the predict() function, using the fitted gradient forest model and projections of future
environments as input. Projected future environments were represented by metrics of forecasted
mean surface salinity (PSS) and mean sea surface temperature (°C) (Bio-ORACLE; Assis et al.
2018; Tyberghein et al. 2012) for the years 2040-2050 and 2090-2100, accounting for both
shorter and longer-term effects. It is noted that forecasted datasets of future oxygen and pH
levels are not available, so this part of the analysis focused on salinity and temperature. |
considered salinity and temperature conditions for each of these two time periods for four
respective RCPs (representative concentration pathway scenarios); RCP2.6, a peak and decline
scenario predicting very low greenhouse gas levels by the end of the 21st century, RCP4.5 and
RCP6.0 predicting stabilization of greenhouse gas levels and PCP8.5 that predicts emissions

increase over time leading to high greenhouse gas levels. Running predictions for each period
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under each likely climate change scenario will account for sea lamprey maladaptation risk in
both closer and more distant future under best, stable and worst-case scenarios. I then calculated
genetic offsets, the per location genetic distance between present and future environments, using
Euclidean distance as a distance metric and estimations of allelic turnover across present and
future environmental gradients as input. Genetic offsets are values representing the change in
allele composition needed to maintain local adaptation under future environments (Laruson et al.

2022). I then mapped and plotted boxplots of genetic offsets by geographic sampling site.

Results
Local adaptation & gene ontology

By testing for adaptation across environmental gradients using Ifmm2 in LEA (Frichot &
Frangois 2015), I detected 7587 SNP outliers associated with freshwater feeding in Ireland, 10
associated with sea surface temperature, 45 associated with surface salinity, 142 associated with
dissolved oxygen, 3131 associated with surface pH and 198 associated with urbanization. Using
Principal Component Analysis in pcadapt (Privé ef al. 2020), I detected 7020 candidate outliers.
I then identified 2947 outlier SNPs using the highest 1% differentiated sites based on pairwise
Fsr per site. I found 25 SNP outliers associated with freshwater feeding in Ireland, 1 associated
with surface salinity, 1 associated with dissolved oxygen and 60 associated with surface pH
shared across all three outlier detection methods. I found no candidate adaptive loci for sea
surface temperature or urbanization based on this approach.

The joint consideration of LFMM?2 and pcadapt methods enabled me to locate 31 SNP
outliers associated with freshwater feeding in Ireland, one associated with sea surface

temperature, three associated with surface salinity, nine associated with dissolved oxygen, 228
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associated with surface pH and 11 associated with urbanization. The joint consideration of
LFMM2 and the Fsr outlier methods enabled me to locate 41 SNP outliers associated with
freshwater feeding in Ireland, two associated with surface salinity, one associated with dissolved
oxygen and 65 associated with surface pH. I found no adaptive loci associated with sea surface
temperature or urbanization. Outlier SNPs detected across methods can be seen in Figure 4.1.
and Figure 4.2.

I initially detected statistically significant GO terms for variants identified by LFMM?2,
on which I ran an enrichment analysis. I found variants linked to environmental gradients and
human activity using LFMM2 to be associated with the following number of genes: 3429 for
freshwater feeding in Ireland, 7 for sea surface temperature, 31 for surface salinity, 100 for
dissolved oxygen, 1929 for surface pH and 150 for urbanization. Enrichment analysis detected
the following GO terms: 172 significant GO terms for freshwater feeding in Ireland and 207 for
surface pH. I found no significant GO terms for sea surface temperature, surface salinity,
dissolved oxygen and urbanization.

I then examined variants overlapping all three methods used to detect adaptation
(LFMM2, pcadapt, Fsr outliers). These variants were associated with the following number of
genes: 15 for freshwater feeding in Ireland, 1 for surface salinity, 1 for dissolved oxygen and 47
for surface pH. These genes were connected to 433 GO terms for freshwater feeding in Ireland,
34 for dissolved oxygen and 2446 for surface pH. Surface salinity had no associated GO terms.

When considering variants shared between the LFMM?2 and pcadapt methods, I found
them to be associated with the following genes: 19 for freshwater feeding in Ireland, 1 for sea
surface temperature, 2 for surface salinity, 8 for dissolved oxygen, 182 for surface pH and 8 for

urbanization. These genes were connected to 457 GO terms for freshwater feeding in Ireland,
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471 for dissolved oxygen, 10058 for surface pH and 580 for urbanization. Surface salinity and
sea surface temperature had no associated GO terms.

Finally, I considered variants shared between the LFMM?2 and Fsr outlier methods. I
found these outlier loci to be associated with the following number of genes: 25 for freshwater
feeding in Ireland, 2 for surface salinity, 1 for dissolved oxygen and 51 for surface pH. These
genes were connected to 997 GO terms for freshwater feeding in Ireland, 34 for dissolved
oxygen, and 2784 for surface pH. Surface salinity had no associated GO terms.

Freshwater feeding behavior in Ireland and pH are the most strongly supported drivers of
adaptation. They were supported by all approaches used to detect adaptation; variants identified
by LFMM2 and subsequent enrichment analysis, variants shared between LFMM2, pcadapt and
Fsr outliers, variants shared between LFMM?2 and pcadapt, variants shared between LFMM2 and
Fst outliers. Adaptation to dissolved oxygen was identified by three of the approaches used;
variants shared between LFMM?2, pcadapt and Fsr outliers, variants shared between LFMM?2 and
pcadapt, variants shared between LFMM2 and Fsr outliers. However, I found limited numbers of
both candidate SNPs and associated genes; therefore, the significance of oxygen as a driver of
adaptation is negligible. Lastly, variants shared between LFMM2 and pcadapt identified
urbanization as a driver of adaptation, but I found limited numbers of both candidate SNPs and
associated genes. As it was detected by only one out of four approaches and is associated with a
very limited number of candidate SNPs and genes, urbanization is not a likely driver of
adaptation. Overall, my results indicate that anadromous sea lamprey are adapted to their local
environments.

Gene ontology interpretations for anadromous sea lamprey should be approached with

caution. Most GO term interpretations are based on knowledge available for model organisms.
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Since they are not closely related to sea lamprey, these results may not be translatable; for
example, a gene connected to a known biological function in the house mouse Mus musculus, a
mammal, may not maintain the same biological function in sea lamprey, a jawless fish. However,
these results are still interesting to consider.

ReviGo interpretations of GO results for variants identified by LFMM?2 and subsequent
enrichment analysis, and variants shared between LFMM2, pcadapt and Fsr outliers, the more
stringent subsets of adaptive loci detected, can be seen in Supplemental Information 3.1 and 3.2.
I found no overlap in ReviGo interpretations between these two approaches for pH. Biological
functions associated with GO terms varied and no clear pattern was observed. For freshwater
feeding, overlap between ReviGo interpretations for variants identified by LFMM?2 and
subsequent enrichment analysis, and variants shared between LFMM2, pcadapt and Fsr outliers,
was found for five GO terms. The biological functions implicated in these five overlapping GO
terms are “secretion by cell”, “cell junction organization”, “synapse organization”, “postsynapse
organization” and “export from cell”, and seem to be related to cellular transport and
organization. These could be implicated in cellular processes taking place during osmoregulation
(Ferreira-Martins et al. 2021), as sea lamprey acclimatize to either freshwater or marine
environments during migration. Additionally, changes in the structure of junctions in the gill
epithelium connected to osmoregulation have been observed during migration in anadromous
lampreys (reviewed in Bartels & Potter 2004).

Allelic turnover & genetic offsets

Results for the entire dataset are presented in this section. Results for the East

Atlantic/Mediterranean and West Atlantic subsets were consistent with and reflected those found

in the entire dataset and can be seen in Supplemental Information 2 as noted below. PCNMs
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calculated for the entire dataset showed that the most significant spatial patterns are primarily
connected to trans-Atlantic divergence and a latitudinal gradient (Supplemental Information
2.16-2.18), consistent with population structure analysis results seen in Chapter 3. PCNMs
calculated for the East Atlantic/Mediterranean and West Atlantic subsets can be seen in
Supplemental Information 2.19-2.22 and Supplemental Information 2.23-2.24, respectively,
further confirming that spatial patterns are predominantly latitudinal. Fitted model predictor
variables and significant PCNMs for the entire dataset were ranked by their importance in the
model (Figure 4.3). Equivalent plots for the East Atlantic/Mediterranean and West Atlantic
subsets are presented in Supplemental Information 2.25, 2.26 respectively. PCNM 1
(Supplemental Information 2.16), representing trans-Atlantic divergence, followed by PCNM2
(Supplemental Information 2.17), representing the latitudinal gradient, were found to best
explain variation in the model. Therefore, genotype associations across the anadromous sea
lamprey native range are primarily spatial.

Surface salinity, followed by surface pH and, to a lesser extent, human population density
as a metric of pollution and urbanization were found to be the next most important predictor
variables in the model. Surface salinity and surface pH are the most significant
genotype/environment associations, despite spatial effects being the primary driver. Human
population density was less significant. PCNM3 (Supplemental Information 2.18) was found to
be the least important spatial predictor while surface dissolved oxygen and sea surface
temperature were found to be the least important environmental predictors in the model.

Present day turnover of allele frequencies across space and environments, interpreted as
continuous changes in inferred allele frequencies associated with candidate environmental

predictors can be seen in Figure 4.4 for the entire dataset and in Supplemental Information 2.27,
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1.28 for the East Atlantic/Mediterranean and West Atlantic subsets, respectively. Increasingly
differentiated rates of allelic turnover are observed at higher latitudes and the Baltic Sea,
environments highly affected by climate change (Andersson ef al. 2015; Bonebrake &
Mastrandrea 2010; Screen 2014), reflecting more pronounced local environmental differences in
salinity, pH, oxygen and temperature and subsequent local adaptation.

Genetic offsets, the forecasted likelihood of maladaptation, are here represented by the
predicted mismatch between present and predicted future allelic turnover. Predictions of
maladaptation to respective future environments remained consistent across RCP scenarios and
two alternate timescales, and plots of climate change scenarios and timescales not presented here
can be found in Supplemental Information 2.29-2.42 for the entire dataset, in Supplemental
Information 2.43-2.58 for the East Atlantic and Mediterranean region, and Supplemental
Information 2.59-2.74 for the West Atlantic. Mapped genetic offsets across space and gradients
in future salinity and temperature for a RCP6.0 climate change scenario for the years 2090-2100
across the entire sea lamprey native range are presented in Figure 4.5 while boxplots of the same
genetic offsets plotted per site can be seen in Figure 4.6. Sea lamprey from Sweden and New
Brunswick were found to be the most at risk of maladaptation. Sea lamprey from Iceland and
Germany were the next most maladaptive, though noticeably less vulnerable than those in
Sweden and New Brunswick. Individuals from the French Atlantic coast (rivers Oir, Loire and
Scorff), Ireland (rivers Moy and Shannon), rivers Mondego, Tejo and Vouga in Portugal and
Massachusetts were found to be intermediately vulnerable while individuals from the French
Mediterranean Coast, the River Guadiana in Portugal, North Carolina (rivers Roanoke,

Pamlico/Tar, Neuse, Pee Dee) and Maryland were found to be the most resilient.
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Discussion

My initial scan across the sea lamprey genome for adaptive loci uncovered that sea
lamprey are indeed adapted to their local environments. I found adaptation across a pH gradient
and adaptation to freshwater feeding behavior to be the most strongly supported. I then found
that risk of maladaptation follows a latitudinal gradient. Sweden and New Brunswick, two of the
higher latitude locations are most vulnerable under future conditions while locations at lower
latitudes are the least vulnerable.

Sea lamprey seem to be adapted to their local environments, with freshwater feeding
behavior in Ireland and pH being the strongest candidate drivers of adaptation. Adaptation to
freshwater feeding behavior should be taken with caution as this study does not include enough
individuals to provide conclusive results. Feeding in fresh water prior to out-migration is known
to occur at multiple locations throughout the anadromous sea lamprey native range (reviewed in
Docker & Potter 2019). In North America instances have been recorded in the St. John River in
New Brunswick (Beamish 1980) and more often in Love Lake in Maine (Davis 1967). In
Europe, freshwater feeding has been observed in the Rhine River in Germany (Baer et. al 2018)
and Loch Lomond in Scotland (Maitland 1980; Maitland et al. 1994), and with higher frequency
in the River Ulla and River Umia in Spain (Silva et al. 2013b, a). Most habitual freshwater
feeding behavior has been observed in multiple Irish lakes (King & O’Gorman 2018). In my
study a total of 9 individuals were sourced from Lough Conn in Ireland, a location at which
freshwater feeding has been observed, but is not the norm. However, these individuals were
sampled haphazardly when ideally individuals found feeding parasitically in fresh water would
have been targeted. While it is unknown whether individuals sourced from Lough Conn fed

while freshwater resident, I found 4 individuals to be genetically different during population
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structure analysis in Chapter 3, but they are unfortunately too few to base analysis upon.
Freshwater feeding behavior has also been observed in Lough Derg, another location used in this
study. Inclusion of these additional 8 individuals, unknown whether they have exhibited
freshwater feeding behavior, would still not be sufficient to reach conclusive results. However,
my findings in both this chapter and Chapter 3 encourage future research on the potential for sea
lamprey adaptation to freshwater environments other than the Laurentian Great Lakes. I would
recommend the genetically distinct Lough Conn in Ireland as a study system, using either a
larger sample size or, if possible, targeting individuals known to have fed in fresh water. Results
from this proposed study could then be compared with genes found to be under selection for
freshwater residency in the Laurentian Great Lakes (Jaanus Suurvili, University of Manitoba,
unpublished data).

I consider variation in pH the main driver of adaptation in anadromous sea lamprey
across the North Atlantic and Mediterranean Sea. Individuals used in this study inhabit
environments fluctuating from pH 7.87 (New Brunswick) to 8.27 (North Carolina) (data
extracted as part of this study from Bio-ORACLE; Assis et al. 2018; Tyberghein et al. 2012)
across the sea lamprey native range. Acid—base compensation is mediated by acid—base transfer
between fishes and their respective environments through metabolic processes (Gilmour & Perry
2009). Energetically intense spawning migrations from marine to fresh water and the need to
maintain homeostasis across drastically different environments could place high energy demands
on anadromous lampreys. In certain lamprey species, pH is associated with metabolic processes
required to meet high energy requirements (Nikinmaa 1993; Nikinmaa & Mattsoff 1992; Tufts et
al. 1992). These cellular mechanisms could be underlying local adaptation across environmental

gradients in pH, locality-specific pH levels connected to differences in metabolic and energy
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requirements. Spatial variation in selective pressure could explain outlier loci connected to
differences in pH levels and be driving limits to sea lamprey dispersal. Water pH has been
identified as a selective pressure for both marine and freshwater fishes across different habitats
(Delaval ef al. 2022; Haenel et al. 2019; Hay et al. 2022), though studies are limited in
comparison to other abiotic parameters. Baltazar-Soares et al. (2023) proposed that local
adaptation to abiotic conditions in East Atlantic anadromous sea lamprey is likely driven by
spatially varying selection, though pH was not included in this study. Spatially varying selection
has also been detected in American eel Anguilla rostrata (Gagnaire et al. 2012), another North
Atlantic diadromous fish, and similar evolutionary forces may be influencing anadromous sea
lamprey. Meanwhile, ocean acidification poses a significant threat to marine organisms as pH
regulation requires significant metabolic energy (Raven et al. 2005). Teleost fishes and other
organisms with high metabolic rates seem to be less sensitive to acidification, potentially due to
internal pH regulation linked adaptation (Melzner et al. 2009). Signals of adaptation to different
pH levels across the anadromous sea lamprey distribution range encourage hopes of adaptive
ability in the face of climate change. However, changes in ocean pH are already underway and
could contribute to future climate change driven range shifts with unknown consequences.

Spatial variation in sea lamprey size is thought to occur across their native range. In the
East Atlantic, sea lamprey display latitudinal variation in size, with the largest individuals found
in Portugal and size declining from south to north (Beaulaton ef al. 2008). In the West Atlantic,
sea lamprey are smaller than in the East Atlantic and seem to follow an opposite latitudinal trend,
with largest individuals found in the North and smallest in the South (reviewed in Beaulaton et
al. 2008). No reports of sea lamprey size are published for the Mediterranean Sea. However,

observed differences could be biased by sea lamprey size decreasing as the spawning migration
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progresses, a trait that differs in magnitude between males and females (Docker & Potter 2019).
Adaptive markers connected to differences in body size and spawning migration distance have
been found in anadromous Pacific lamprey (Hess et al. 2014), and body size is likely connected
to upstream migration distance (Hess et al. 2014; Spice et al. 2012). As sea lamprey size varies
spatially, although not as pronounced as Pacific lamprey (Docker & Potter 2019), these studies
raise the question of if sea lamprey size differences are also adaptive in nature and connected to
upstream migration distance. While some of my samples were acquired through collaborators
specifically for the purpose of my study, I also took advantage of archived samples acquired as
part of different studies and museum specimens. Sampling efforts were also limited by logistics;
for example, in some cases it was easier for collaborators to collect larvae. The tradeoff of my
dataset having broad geographical coverage is that it does not include either adults for all
locations or size measurements for all adults, and where adult size was included, it was not
necessarily measured at the same time in their life cycle. For example, my dataset includes
individuals sampled opportunistically during their marine phase and individuals sampled during
their upstream migration. Additionally, it is uncertain if all spawning phase adults sampled as
part of my study were captured at the same stage of their spawning migration to prevent bias due
to size declines as migration progresses (Docker & Potter 2019). However, future studies could
be planned to sample upstream migrating sea lamprey at the same migration stage (e.g., as they
enter fresh water or just prior to spawning), across all locations, to shed light on these questions.
Predictions of future sea lamprey vulnerability are based on a RCP6.0 climate change
scenario for the years 2090-2100 across their entire native range. This accounts for a longer time
scale and a moderate climate change scenario that predicts stabilization of greenhouse gas levels

by the end of the 21st century. By focusing on a moderate climate change scenario, I aim to
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neither underestimate the threat of climate change nor be alarmist in my science. I found sea
lamprey from Sweden and New Brunswick, two of the most northern locations sampled, to be
the most likely to be maladapted under forecasted climate change. Sampling locations in Sweden
are situated at the North Sea to Baltic transition zone, an area where two seas with very different
biotic and abiotic processes, the continental shelf North Sea connected to the Atlantic and the
enclosed brackish Baltic Sea (reviewed in Maar ef al. 2011), meet. In the Northern Hemisphere
(not including the tropics), higher latitudes are expected to be vulnerable to climate change
(Bonebrake & Mastrandrea 2010; Screen 2014), and Swedish waters are likely influenced by the
adjacent Baltic Sea, a climate change hotspot (Andersson et al. 2015). I expect these locations
will be most vulnerable to future environmental changes, with sea lamprey in these regions
facing more intense selection pressure under future changes in temperature and salinity. My
initial research plans included sampling efforts in Newfoundland, the most northern known sea
lamprey spawning location. These plans were cancelled due to the COVID-19 pandemic. Given
the vulnerability I detected at the more northern parts of the sea lamprey range it is unfortunate
that individuals from Newfoundland were excluded from my study, and their inclusion would be
an interesting future research direction. Genetic offset results from Iceland should be interpreted
with caution as no breeding has been observed at this location. However, sea lamprey from
northern locations are more likely to stray and be caught in Icelandic waters, thus vulnerability in
Iceland can be considered an additional indicator of vulnerability in northern locations.

I found individuals from the French Mediterranean coast, the River Guadiana in Portugal,
North Carolina and Maryland least likely to be maladapted, vulnerability seemingly following a
latitudinal gradient. I expect sea lamprey from more northern locations will be mostly influenced

by increases in temperature while sea lamprey from Sweden inhabiting the North to Baltic Sea
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transitional zone will be under the joint influence of increasing temperatures and decreasing
salinity. While sea lamprey in New Brunswick are considered Secure (S5; NatureServe 2024),
Swedish sea lamprey are assessed as Endangered (BDC 2022/sea lamprey Petromyzon marinus).
Despite expectations of climate change vulnerability in Mediterranean waters, I didn't find sea
lamprey to be at significant risk of maladaptation at this location. Vulnerability of the
Mediterranean basin to climate change (Cos et al. 2022; Diffenbaugh et al. 2007) seems to not be
translating to the genetic level, possibly because strong selection pressures due to climate change
have already driven change in the region. Lower maladaptation at the southernmost part of the
sea lamprey distribution range could support contribution of rear edge populations to adaptive
capability under climate change (Habibzadeh ef al. 2021; Rehm et al. 2015). I expect sea
lamprey in North Carolina, Maryland and Portugal to be best adapted in the face of impending
environmental changes. Resilience at these locations should be higher at least in the short —term,
and they are likely to contribute beneficial alleles through gene flow to less well adapted
locations. Their potential for resilience and genetic rescue supports the importance of their
conservation. However, climate change driven range contractions are expected in the
southernmost parts of the sea lamprey distribution range (Lassalle et al. 2008), and these
locations have likely already been subject to more intense selection pressures, raising questions
about long-term survivability.

My results could serve as a warning to make efforts for the conservation of sea lamprey
at locations expected to fare worse under climate change. These are generally expected to be the
southern parts of the sea lamprey native range, while changes in host abundances and effects of
changing biotic conditions on life history will also determine future distribution (reviewed in

Maitland ef al. 2015). My results could also be used to direct conservation efforts to populations
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with both a higher likelihood of survival under current conditions and higher adaptive potential.
Better adapted, highly resilient populations could also be a source of genetic rescue under future
environmental conditions that lead to declines in those less well adapted. However, it would be
important to initially take into consideration underlying population structure and match recipient
locations with genetically similar source populations. As I found that sea lamprey are adapted to
their local environments, it would also be sensible to consider translocations between locations
with more similar environmental conditions. High levels of gene flow in sea lamprey (see
Chapter 3) could enable the spread of beneficial alleles within populations on each Atlantic
coast. High standing genetic variation drives adaptive ability (Barrett & Schluter 2008), with
distinct locations benefiting from a high effective population size. I therefore interpret
maladaptation likelihood in regards to effective population size (Ne) estimates calculated as part
of Chapter 3 (Table 4.2) and whether sea lamprey are of conservation concern for each location.
Sea lamprey in New Brunswick are one of the locations most likely to be maladapted in
the future. Sea lamprey are considered Secure in New Brunswick based on assessment by the
Atlantic Canada Conservation Data Center (http://accdc.com/index.html), (S5; NatureServe
2024) and therefore not likely a conservation priority. An effective population size estimate is
not available, but I consider this an artifact of large population size. Detected future vulnerability
at this location is unsurprising as northern latitudes become increasingly susceptible to climate
change. These results show that present day stable status does not necessarily predict future
trends. The assumption that lamprey would fare better in a region where they are currently more
abundant does not apply in this case, though high population numbers may be able to temporarily

buffer against large scale declines. My results show that large population sizes are not a
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guarantee of future resilience, and sea lamprey at this location should be carefully monitored to
enable their persistence.

Sea lamprey in Sweden are considered Endangered based on their OSPAR status
assessment (BDC 2022/sea lamprey Petromyzon marinus). Based on my results, this location is
particularly vulnerable to future climate change, which is concerning, and low effective
population size at this location adds to these concerns. My results encourage the protection of sea
lamprey in Sweden and provide evidence that could help convince overseeing authorities to
support conservation efforts.

Sea lamprey do not appear to be at risk of maladaptation in Portugal, encouraging hopes
that a sustainable regional fishery could be supported in the future. Sea lamprey in
Massachusetts, Portugal, Ireland and France, locations I found to be intermediately maladapted,
have a high effective population size. The combination of a high effective population size and a
moderate chance to be maladapted to future environmental conditions indicates potential for sea
lamprey survivability at these locations.

Sea lamprey in the Mediterranean, North Carolina and Maryland are some of the least
likely to be maladapted but have low effective population size. Despite these locations being
more likely to be adapted to future environments, low effective population size could prevent
survival and lead to loss of adaptive potential. In Germany, I found sea lamprey to be moderately
maladaptive but with a low effective population size, meaning persistence at this location is
likely also low.

It is also important to consider the limitations of this study. I used projections of future
temperature and salinity due to limited data availability for future environments. There are likely

many other environmental parameters driving future changes, such as changes in precipitation
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and flow regimes, host abundance, and higher productivity in fresh water compared to marine
habitats potentially offsetting the benefits of an anadromous life history (reviewed in Maitland et
al. 2015). I also expect future environments to be unpredictable due to climate change changing
known weather patterns and climatic processes, and sea lamprey to undergo range shifts; thus,
predictions based on current knowledge may not necessarily be applicable in the future.

Genetic rescue, the translocation of individuals aiming to strengthen genetic diversity and
adaptive potential, has been successful in restoring threatened populations (Novak et al. 2021).
Adult Pacific lamprey undertaking their spawning migration are translocated from the lower
Columbia River basin upstream to locations where they are locally extirpated or in decline, to
increase abundance while efforts for habitat restoration and barrier passage are underway (Hess
et al. 2022, 2023; Ward et al. 2012). These long-term efforts have shown to be successful,
enhancing abundance across all phases of the Pacific lamprey life cycle (Hess et al. 2022, 2023).
Although these translocations took place within the same river system, their success encourages
considering this practice for sea lamprey. Translocated individuals must be able to survive in
their new environments, and it is vital that local adaptation is considered when planning for
genetic rescue. Combining knowledge on population vulnerability in regards to respective
environment under climate change, population structure and status, could identify populations
that have the potential to be both a source of genetic rescue and future resilience. Since my
results show that sea lamprey are adapted to their local environments, individuals may need to be
translocated between locations with similar environmental conditions. I would recommend
further research on local adaptation dynamics between candidate translocation sources and

recipient locations, and incorporating more environmental metrics.
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In Sweden, restocking is being considered to mitigate sea lamprey declines in the region
(Mikael Svensson, SLU Swedish Species Information Centre, pers. comm.). Since I found
Swedish sea lamprey to be part of a larger, admixed population on the East Atlantic coast in
Chapter 3, population genetic structure results permit multiple options for translocation sources.
Translocations from Ireland, France and Portugal are all viable options based on sea lamprey
status at these locations. As Portuguese sea lamprey are the most likely to be best adapted under
future conditions, they could be a good translocation source. Sweden is part of the large,
admixed East Atlantic population, and sea lamprey lack natal homing behavior (Bergstedt &
Seelye 1995); therefore, immigrants may be occurring from multiple locations. Out of these,
Ireland is the most likely source based on status and geographical distance. France and Portugal
may not be closely located but could be a source of immigration based on their status. Germany
would be a likely source as it is located close to Sweden but is unlikely to be providing many
immigrants as lamprey are faring poorly in the region. Sea lamprey are also known to spawn in
Norway and Denmark, countries that are closer to Sweden. Status in these countries is Data
Deficient and Near Threatened, respectively (OSPAR status assessment; BDC 2022/sea lamprey
Petromyzon marinus). While they could be a source of immigrants to Sweden, they were not
included in my study; therefore, presence and rates of gene flow are unknown. Potential
immigrants to Sweden face lack of spawning and larval habitat due to barriers to migration and
interference of hydroelectric infrastructure on river hydrodynamics (OSPAR status assessment;
BDC 2022/sea lamprey Petromyzon marinus), highlighting the importance of habitat restoration
as part of conservation efforts.

To date, Pacific lamprey translocations in the Columbia River have focused on adults

(Hess et al. 2022, 2023; Ward et al. 2012). Individuals used for translocations would likely not
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have made it past the barriers they were captured at and are translocated within the same river
basin; therefore, their removal does not affect the overall population. If the same practice is to be
considered for sea lamprey, the advice of local managers should be sought as to whether the
local population can support removal of individuals to support a translocation program, as
individuals would be removed from one river system to supplement another. Another option
would be to restock candidate freshwater habitats with larvae reared in captivity, limiting
removal of individuals from wild populations. Although there are still knowledge gaps on rearing
larval sea lamprey in captivity, previous studies have shown it is feasible and techniques are
transferable across species (Hume et al. 2024; Lampman et al. 2021; Moser et al. 2019),
encouraging future studies. Concerns on whether lack of natal homing in sea lamprey (Bergstedt
& Seelye 1995) will prevent the success of restocking efforts will also need to be addressed
before implementing this practice. Since sea lamprey do not home to their natal streams, it is
possible that when restocked individuals return to fresh water to spawn, instead of returning to
the intended location, they disperse haphazardly. Despite concerns for Pacific lamprey,
successful translocation programs observed a substantial number of returning adults, suggesting
that despite lack of natal homing in this species spawning adults seem to display a wider-scale
preference for their basin of origin (Hess et al. 2023). Sea lamprey are typically found in deep
waters more than 350 km offshore (Beamish 1980; Hardisty 1986) and disperse more widely
than Pacific lamprey (reviewed in Spice et al. 2012), potentially increasing chances individuals
stray from their intended destination. Thus, future research on the rates of adult return to
restocked locations is important prior to attempting wide-scale restocking.

Conservation priorities and resource allocation are largely a cultural issue. My study has

identified locations at which sea lamprey will likely be vulnerable in the future, and where they
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are predicted to be most resilient. The interplay between knowledge on current status and future
predictions is valuable for managers as it can warn about unexpected threats, such as future
vulnerability found for the New Brunswick area and likely nearby locations with similar
environmental conditions. Decisions on whether to prioritize vulnerable locations or dedicate
resources to protecting those with highest chances of survival will be up to local managers and
public opinion. My results provide a scientific background to assist decision making, and
conservation will be ultimately influenced by local attitudes and value placed on anadromous sea

lamprey.
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River Fin clips - . .
Mulkear - Ireland Ireland 11 N/A 10 2010, 2011 Adult ethanol Fiona Bracken University College
- Ireland 27 Dublin
Shannon -
Lough Derg Ireland_28 2010, 2011 Adult Fin clips - University College
Shannon* Ireland R Irelandi37 N/A 8 2017 ethanol Fiona Bracken Dublin
Institut national de
L recherche pour
France 2015, 2017 Adult Fin clips - Guillaume I'agriculture
Oir River . SEL N/A 7 > ’ ethanol .g S
Atlantic 2018 Evanno I'alimentation et
I'environnement
(INRAE)
Institut national de
Fin clips recherche pour
Scorff River France Ne N/A 8 2018 Adult ethanol Guillaume Vagriculture,
Atlantic Evanno l'alimentation et
I'environnement
(INRAE)
Institut national de
. . recherche pour
F Adult Fin clips - Guill Iagricult
Loire River rance PEMA N/A 6 2013 U ethanol uitiaume agrieutiure,
Atlantic Evanno I'alimentation et
I'environnement
(INRAE)
Vouga River Adult Fin clips - Catarin Universidade d
ouga BIve Portugal vou N/A 10 2021 . ethanol atarina crsidade de
Basin Mateus Evora
Mond Adult Fin clips - Catarina Universidade d
yoncego Portugal MON N/A 8 2020 u cthanol ersidade de
River Basin Mateus Evora
Tejo River Adult Fin clips - Catarina Universidade de
Jo Bivet Portugal TEJO N/A 9 2021 u ethanol i fversicac
Basin Mateus Evora
Guadiana Adult Fin clips - Catarina Universidade de
Juadiand Portugal GUA N/A 10 2020,2021 " ethanol aann e
River Basin Mateus Evora
. Mikael Sveriges
Adult Fin clips - Svensson lantbruksuniversitet
Hogvadsan Sweden SWE N/A 7 2021 ethanol Elisébethﬂ (SLU),
Lansstyrelsen i
Thysell
yse Hallands lan
Institut national de
S recherche pour
Adult & Fin clips -
Rhone France 2003, 2010, . 1n lips Guillaume l'agriculture,
. FRMED N/A 6 NA ethanol . .
Estuary Mediterranean 2015 Evanno I'alimentation et
I'environnement
(INRAE)
Fin clips —
Connecticut 41.28477, - Adult frozen Ted Castro- U.S. Geological
M husett CTR 12 2019
River assachusetts 72.342589 carcasses Santos Survey (USGS)
Fin clips —
Richibucto New 46.692742, - Larvae frozen Wilfrid Laurier
RI ’ 12 2019 Mike Wilki
River Brunswick 64.842909 carcasses e Wikie University
39.6748228 Adult Fin clips - St. Mary’s College
K L - u . y’s
Deer Creek Maryland DR2021 76.4511499 2 2021 ethanol Thomas Evans of Maryland
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. Fin clips -
Falling 39.6909291, - Adult St. Mary’s College
Maryl FB2021 2 2021 hanol Th E
Branch aryland 0 76.4265029 0 ethano omas Lvans of Maryland
Little Fin clips -
39.134949, - Larvae St. Mary’s College
P; Maryl PR2021 4 2021 hanol Th E
atl.JXCnt aryland 0! 76.82557 0! ethano omas Evans of Maryland
River
North Carolina
34.922800, - . A Museum of Natural
Tissue - Gabriela .
Pee Dee North NCSM_69176 80.018530 5 2011 NA thanol M.H. Sciences,
River** Carolina NCSM_69181 34.856270, - ethano Mic'ha‘;“f‘;’sk NC Wildlife
79.916770 Resources
Commission
North Carolina
Museum of Natural
Tissue - Gabriela .
Neuse North NCSM 46040 | 33349781501 1 2007 NA cthanol M.Hogue, Sciences,
River** Carolina - . . NC Wildlife
Michael Fisk
Resources
Commission
36.328700, -
77.578100 North Carolina
NCSM_38060 36477120, - Adult & Tissue - Gabricla Museum of Natural
Roanoke North - 77.639720 2018, 2019, Sciences,
. . NCSM_105133 4 NA ethanol M.Hogue, L
River** Carolina 36.481510 to 2024 . . NC Wildlife
NCSM_97531 Michael Fisk
NCSM797532 36.468700, - Resources
- 77.643820 to - Commission
77.636830
North Carolina
Tissue Gabricla Museum of Natural
Pamlico River, North 35.955400, - Adult ) Sciences,
Tar River** Carolina NCSM 53260 77.780700 ! 2009 ethanol MHogue, NC wildlife
Michael Fisk
Resources
Commission

* Locations at which feeding in freshwater prior to outmigration has been observed, ** Samples from

museum collection (North Carolina Museum of Natural Sciences Ichthyology Collection.

Table 4.2. Table showing effective population size (Ne) estimates from Chapter 3 and maladaptation

likelihood per location. For Ireland, Portugal and France, where maladaptation likelihood was estimated

at higher resolution for distinct river basins, I interpret results at the country level so they are comparable

to Ne estimates that are informative at the broader scale. The NA value observed for New Brunswick is

considered an artifact of large population size.

Location Effective Population Size (Ne) Maladaptation likelihood
New Brunswick NA High
Sweden ~ 61 High
Ireland ~ 1186 Moderate
France Atlantic ~ 2260 Moderate
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Figure 4.2. Outlier SNPs connected to freshwater feeding, sea surface temperature and surface salinity

detected across all three methods (LFMM?2, pcadapt and Fsr outliers).
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Accuracy importance R? weighted importance
PCNM2 - PCNM2 -
salinity - salinity -
- » [
hupopdens ! hupopdens !
PCNM3 . PCNM3 .
— —
temperature temperature .
| | | | | | | | | |
0.00 0.10 0.20 0.00 0.10 0.20

Figure 4.3. Fitted gradient forest model predictor variables and significant Principal Coordinates of
Neighbourhood Matrix (PCNMs) ranked by importance in the model. Presented as mean accuracy
importance and mean importance weighted by species R. Spatial predictor variables in blue and

environmental predictor variables in orange.
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Figure 4.4. Map of allelic turnover across space and environmental gradients in salinity, pH, oxygen and

temperature. Locations with similar colors are expected to be genetically similar based on the gradient
forest model. The color scale is created along the principal component axes of the gradient forest model

(bottom right).
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Figure 4.5. Map of genetic offsets across space and environmental gradients in salinity and temperature

under a RCP6.0 scenario for the years 2090-2100. Higher values corresponding to darker colors represent

higher genetic offsets while lower values corresponding to lighter colors represent lower genetic offsets.

Higher genetic offsets represent higher vulnerability while lower genetic offsets represent lower

vulnerability.
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Genetic offset

Figure 4.6. Boxplots of per site genetic offsets under a RCP6.0 scenario for the years 2090-2100. Sites
represented as following on the x axis: Germany (GE), River Loire France (LFR), River Scorff France
(SFR), River Oir France (OFR), France Mediterranean Coast (MED), Guadiana River Portugal (GPO),
Iceland (ICE), River Moy Ireland (MIR), River Shannon (SIR), Mondego River Portugal (MPO), Sweden
(SWE), Tejo River Portugal (TPO), Vouga River Portugal (VPO), Massachusetts (MAS), New
Brunswick (NBR), Roanoke River North Carolina (NCA1), Pamlico/Tar & Neuse Rivers North Carolina
& (NCA2), Pee Dee River North Carolina (NCA3), Maryland (MAR). Higher values on the y axis
represent higher genetic offsets while lower values represent lower genetic offsets. Higher genetic offsets

indicate higher vulnerability while lower genetic offsets indicate lower vulnerability.
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CHAPTER 5: DISCUSSION

Macrogenetic studies can take advantage of the vast amount of data available from
previous studies and repurpose it to push the boundaries of environmental science (Halpern et al.
2023; Leigh et al. 2021). The logistics of traditional sampling methods can be overcome and
research made more accessible. However, my intended global study (Chapter 2) does not fully
represent global genetic diversity but constitutes the best representation possible with currently
available data. Gaps in my data are likely part of the sampling bias known to affect the study of
biodiversity (Hughes et al. 2021; Titley et al. 2017). There is clear geographic bias in my data,
with data availability likely linked to a country's economic resources. Differences in data
archiving practices could have prevented some datasets from being programmatically detected,
and not all data is publicly available. Polar regions and deep-sea environments are not well
represented due to logistical difficulties in collecting these data. While economically important
commercially fished species made up the majority of species used in my study (36), those
supporting minor commercial fisheries (15) and those not commercially fished (22) were well
represented (See Supplemental Information 1.2). When aiming to integrate genetic diversity into
conservation policy, effort should be made for data availability in underrepresented regions and
equity in biodiversity research. Additionally, making the most of existing data by encouraging
and optimizing data reuse methods (Binley et al. 2024) and open data practices (Poisot et al.
2019; Renaut et al. 2018) can help fill in knowledge and data gaps and inform conservation
(Binley et al. 2024; Roche et al. 2022).

At the species level, my thesis produces knowledge on anadromous native populations of
sea lamprey, an often underappreciated species in some parts of its range. Due to invasive

landlocked populations in the Laurentian Great Lakes being the subject of extensive control
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programs (Marsden & Siefkes 2019), sea lamprey often get a bad reputation, especially in North
America. Meanwhile in Portugal and elsewhere in Europe, sea lamprey are a highly valued,
culturally important species (Almeida ef al. 2021; Docker et al. 2015), showing the paradox in
how we view and place value on nature. The importance of conservation of anadromous native
sea lamprey and other native lamprey species has been extensively supported (Clemens & Wang
2021; Hume et al. 2021; Lucas et al. 2021; Maitland et al. 2015), and my thesis adds a
population genomic approach to conservation across the entire sea lamprey native range. It is
worth noting that this study only considers population structure, current and future adaptation in
regards to the marine environment. As an anadromous species, sea lamprey spend a significant
part of their life cycle in freshwater. Therefore, to fully understand and plan for sea lamprey
conservation, it is encouraged to replicate this study with a focus on freshwater habitat.

There could be other evolutionary forces underlying global genetic diversity patterns.
Testing these hypotheses is unfortunately outside the scope of this study but provides exciting
new prospects for the field of macrogenetics. It is yet to be tested how global biogeographic
regions (Spalding ef al. 2007) can explain genetic diversity patterns in marine fish. Meanwhile in
terrestrial mammals, populations closer to biogeographic boundaries are less genetically diverse,
more highly differentiated and with lower effective population sizes indicating limited adaptive
potential in biogeographic transitional zones (Schmidt ez. al 2022). Understanding the
relationship between regional biotic and abiotic conditions and evolutionary processes could
inform protected area planning and biodiversity conservation. Environmental heterogeneity is
also considered an important driver of evolution (Stein ef al. 2014) and found to influence
genetic variation within marine fish and invertebrate species at the local level, in the form of

temperature range (Dalongeville et al. 2022). Meanwhile, stable environments are thought to
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harbor higher genetic diversity (Hewitt 2000), and environmental stability has been connected to
higher within-species genetic diversity in South African marine invertebrate species (Nielsen et
al. 2021). The connection between genetic diversity and stability is important to consider under
future climate change related disruptions. It would also be beneficial to model genetic diversity
under future projected climatic conditions to investigate how relationships could change
globally. It could also be valuable for future studies to take into account the seasonality of
environmental conditions. Life history traits could also underlie global patterns and could be
tested for; vertical distribution, migration type and body length are found to drive genetic
diversity in Mediterranean fish species (Dalongeville et al. 2016).

Associations found between global gene diversity, allelic richness and candidate
environmental and human disturbance metrics can be interpreted in regard to their conservation
relevance across historical time scales (Caballero et al. 2010). Allelic richness, affected by
effective population size and more susceptible to bottlenecks, is a better indicator of
contemporary evolution (Luikart et al. 1998) while expected heterozygosity is less sensitive to
their influence and better reflects past evolutionary events (Nei ef al. 1975). As primary
productivity and land area are correlated with both gene diversity and allelic richness, these
natural processes seem to influence past and contemporary evolution. Temperature, dissolved
oxygen and species richness seem to be more strongly influenced by recent evolutionary
processes. The influence of urbanization on marine environments is relevant across all time
scales, indicating the extent of human interference on nearby ecosystems and potential difficulty
for contemporary evolutionary processes to compensate. Declines associated with cumulative
human impacts are more visible at a recent time scale. As human intervention amplifies across

global oceans contemporary evolutionary mechanisms could struggle to compensate for genetic
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diversity declines. The negative association between genetic diversity and fishing activity is
relevant at a more distant time scale. Contemporary evolutionary processes may have a buffering
effect, encouraging hopes for adaptive management as a mitigation strategy as the dietary needs
of a growing human population continue to increase. Further research on the precise mechanisms
involved and their intensity will be needed to test these theories.

My thesis has further proven the conservation utility of genetic data at both the species
and global level, and I discuss implications for consideration in protected areas. The value of
including a conservation genetic approach in marine protected area design is increasingly
recognized despite lack of large-scale implementation (Laikre ef al. 2016; Sandstrom et al. 2016;
Von der Heyden 2009). Lack of uniform data coverage prevents inclusion of genetic diversity
metrics in protected areas design globally, but opportunities arise at the local level (Paz-Vinas et
al. 2023). Well-designed marine protected areas can further conservation goals by preserving
biodiversity within and contributing to maintaining biodiversity outside their borders. These
conservation goals can be achieved by ensuring adequate connectivity within and between
designated protected areas, and connectivity between protected and non-protected areas (Xuereb
et al. 2019). Studies have shown that accounting for genetic connectivity (Cros ef al. 2017; van
der Meer ef al. 2015) and defining genetically distinct management units (Coelho et al. 2024) in
marine protected area design and placement can benefit genetic diversity, and subsequently
biodiversity conservation. Genetic diversity within and outside of reserves can be maintained by
gene flow (Huserbraten et al. 2013; Pujolar ez al. 2013) and can assist population recovery
(Aalto ef al. 2019; Munguia-Vega ef al. 2015). Maintaining high standing genetic diversity is
essential to consider in marine protected areas, as vulnerability to future threats increases with

lower adaptive potential (Taboada ef al. 2023). Planning protected areas to include already



189

existing adaptive genetic variation will ensure populations are better prepared against future
environmental changes (Von der Heyden 2017).

Species level information on anadromous sea lamprey could be considered in new or
existing protected areas throughout their native range. My study found that sea lamprey in the
North Atlantic constitute two genetically distinct admixed populations, one on each Atlantic
coast, further confirming previous studies (Almada et al. 2008; Bryan et al. 2005; Genner et al
2012; Rodriguez-Mundz et al. 2004). Sea lamprey in the Mediterranean are genetically distinct
from their East Atlantic counterparts but retain high levels of gene flow. Therefore, each Atlantic
coast and the Mediterranean will need consideration of its unique circumstances and gene flow
between the East Atlantic and Mediterranean should be maintained. An anadromous species that
disperses widely, sea lamprey could benefit from considering both their marine and freshwater
habitat when planning for protected areas. This could help protect sea lamprey across all life
stages. However, the main threats to anadromous sea lamprey, barriers to migration and habitat
degradation (Maitland et al. 2015), are predominant in their freshwater habitat. While it is worth
considering marine areas at locations where sea lamprey are most threatened when planning
reserves, protecting freshwater spawning and larval habitats, migration routes and their
connectivity is essential to maintaining healthy populations. Sea lamprey freshwater habitat and
migration routes at locations found to be vulnerable in the present day such as Sweden,
Maryland, Germany and the Mediterranean Sea (see Chapter 3), and locations vulnerable under
future environmental conditions such as Sweden and New Brunswick (see Chapter 4) could be
recommended for protection and restoration.

Protected areas located in open waters may not have a direct effect on sea lamprey but

could be indirectly beneficial by protecting their host species, future changes in host abundance
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already considered a threat to parasitic lampreys under climate change (Maitland ef al. 2019).
Sea lamprey survival is thought to depend on host density (Hansen et al. 2016), but since
parasitic lampreys tend to not be host-specific (Renaud & Cochran 2019) they are more likely
vulnerable to changes in host abundance rather than host distribution (Maitland et al. 2019).
Protected areas located across the Atlantic to Mediterranean transition zone could help maintain
high rates of gene flow observed between these distinct populations. This gene flow is important
to be maintained as it could be contributing to maintaining genetic diversity and therefore
adaptive potential in the Mediterranean, a historically small sea lamprey population that is
currently threatened (see Chapter 3). Connectivity through gene flow will help maintain standing
genetic diversity, with high standing genetic diversity connected to adaptive potential (Barrett &
Schluter 2008). As sea lamprey within each Atlantic coast are admixed, gene flow from in-
reserve sea lamprey would benefit sea lamprey inhabiting neighboring locations outside reserves.
High connectivity within each Atlantic coast provides the opportunity to benefit across its entire
native range through strategic placement of a protected area network catering to the needs of
diadromous fish species. Information produced on anadromous sea lamprey adds to literature
available for North Atlantic diadromous species (e.g., King et al. 2007; Lehnert et al. 2020;
Nikolic et al. 2020; Nilsson et al. 2001; Rougemont & Bernatchez 2018). Literature on
population structure and connectivity could be used to inform future protected area design and
planning in regards to diadromous fishes as a whole. Diadromous species have complex, highly
migratory life cycles that can make conservation multifaceted. Marine protected areas are limited
in how much protection they can offer diadromous fish species that spend a significant amount

of their life in fresh water. Therefore, it is valuable to consider designating specific marine to
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freshwater protected areas for diadromous species, in areas where many species overlap, and
introducing protocols specific to diadromous species during the reserve designing process.
While adaptive potential is typically connected to high standing genetic diversity (Barrett
& Schluter 2008), genetic offsets are able to identify locations at which individuals are better or
worse adapted to future environmental conditions (Laruson et al. 2022). Despite limitations to
predictions of maladaptation, such as not accounting for future species range expansions
(Rellstab et al. 2021) and the unpredictability of novel environments under future climate change
(Lotterhos et al. 2021), genetic offsets can offer some insight into what the future holds. As
protected areas should be designed to include current and maximize future adaptive potential
(Von der Heyden 2017, Xuereb ef al. 2019) and high levels of gene flow can facilitate the spread
of these beneficial alleles (Whiteley et al. 2015), it is worth considering planning new or
extending existing reserves to include locations where a species is forecasted to be better
adapted. In the case of anadromous sea lamprey, more southern locations such as North Carolina,
Maryland, Portugal and the Mediterranean are predicted to be better adapted to future
environmental conditions and could be prioritized for inclusion into protected areas. Despite
range contractions expected in the southern parts of their European range (Lassalle et al. 2008),
and by extrapolation potentially their entire southern range, sea lamprey at these locations may
already be better adapted to climate change due to selective pressures already underway.
Locations expected to persevere such as the Minho River basin in Portugal (Lassalle et al. 2008)
could be especially resilient in the future. Freshwater habitat loss and degradation is a known
threat to sea lamprey in Portugal (Almeida et al. 2002), further encouraging protection of these
critical habitats. While studies have not been undertaken for sea lamprey specifically in North

Carolina and Maryland, habitat loss and degradation are known to threaten diadromous species
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based on per state habitat assessments (Maryland Department of Natural Resources 2005; North
Carolina Wildlife Resources Commission (NC WRC) 2005). In the Mediterranean diadromous
species are vulnerable to habitat fragmentation and loss due to damming (Duarte ef al. 2021)

My thesis has also identified genetic diversity and gene flow patterns for marine fish
species globally. A first step in the practical use of these results for marine protected area
planning and design would be to increase data coverage, as there are many information gaps
especially in developing countries. Including additional taxa would be beneficial as accounting
across taxonomic levels will enable ecosystem wide conservation. I uncovered that across global
oceans, areas of high genetic diversity also display high gene flow. This finding indicates that
higher exchange of alleles through gene flow could be linked to higher rates of evolution leading
to higher genetic diversity. Thus, adaptive potential and connectivity are intrinsically connected
in global marine fishes, genetic diversity mediated by gene flow underlying adaptive potential
(Barrett & Schluter 2008). This finding highlights the importance of designing interconnected
protected area networks (Gaines et al. 2010; Kininmonth et al. 2011). However, my study
focused on global genetic diversity patterns, while genetic diversity at the local level remains
unaccounted for. In order to realistically think about the practical application of genetic diversity
metrics to protected area planning, per ocean and more localized genetic diversity patterns will
also need to be accounted for.

My thesis has detected global patterns in genetic diversity across marine fishes, and
uncovered their underlying environmental drivers and implications of human activity.
Conservation implications and future research directions have been discussed, highlighting the
amount of knowledge the emerging field of macrogenetics has to offer. I have undertaken a

conservation genomic approach to account for anadromous sea lamprey population structure and
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status, while uncovering the species’ demographic and evolutionary trajectory in the deep and
more recent past. Predictions regarding future vulnerability and ability to adapt have been made.
Given the relationship between genetic diversity, connectivity, adaptive potential and species
future resilience, this thesis has attempted to take advantage of both genomic and publicly
archived data to identify future conservation applications at both the global and species level,

hoping to assist efforts to safeguard the future of global oceans.
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